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1. Introduction
Surface engineering of tailored materials with adjustable characteristics in relation to bio-
logical environment, is one of the main prerequisites for biotechnological applications. The
development of biomaterials can be realized by the combination of artificial matter with
biomolecules in order to create tailored materials having controlled function and charac-
teristics. This implies that by surface biofunctionalization, the properties of a macro- or
microscopic object can be adjusted with respect to biomedical needs. Consequently, both
the properties of the surface, such as its chemical nature, micro- and nano-topography,
physicochemical characteristics, as well as the nature and biospecificity of the incorpo-
rated biomolecule have to be chosen for best biomaterial performance, depending on the
applicational blueprint.
In recent years, advanced surface coatings in the nanometer range have drawn big at-
tention. A special category of this group are stimuli responsive polymers tethered by one
functional end to the surface. When the surface grafting density is big enough, the poly-
mer chains are forced to stretch away from the interface due to excluded volume effects,
creating a so called polymer brush. Nano-scaled polymer brushes are advantageous due
to their nanostructure, which can be comparable to biological species, and their collab-
orative response to external stimuli. Moreover, the material design parameters such as
chemistry, surface topography, charge, and surface wettability can be adjusted by using
the appropriate polymer, or a combination of polymers with respect to the desired mate-
rial performance. Polymer brushes with alternating chemical composition have been used
to generate responsive thin films on a variety of surfaces.1–3 In case of binary polymer
brushes, the materials’ properties are switched between the properties of two constituent
polymers. Besides, upon switching of external stimuli, biomodified binary polymer brushes
can hide or expose biofunctionalities, on demand. Hence, they are classified as smart bio-
materials’ surface coatings.
Temperature is an appropriate trigger for biotechnological applications. In that respect,
temperatures close to the physiological (i.e. human body temperature 37 ◦C) but also
9
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lower temperatures, where biological function is still conserved (i.e. 25 ◦C) are needed for
biomedical applications. Poly(isopropylacrylamide)(PNIPAAm) is a widely used and fairly
characterized, thermo-responsive polymer. It exhibits a lower critical solution tempera-
ture (LCST) that lies in between the two above mentioned temperatures. This material
undergoes a structural transition in solution, when heated above its LCST (i.e. 32 ◦C ).4
Dissolved PNIPAAm molecules have the tendency to swell to a full extend for tempera-
tures below 32 ◦C. When heated above this temperature PNIPAAm chains collapse and
inherit a globular conformation. PNIPAAm polymer brushes show a temperature respon-
sive swelling, which strongly depends on the surrounding solution (i.e. solvent quality,
ions, salt concentration). In response to biomolecules, PNIPAAm brushes of low molec-
ular weight were found to be protein resistant,5,6 with some exceptions in case of higher
temperatures7,8 (depending on the grafting density and molecular weight). Moreover,
biofunctionlized PNIPAAm surface coatings have been extensively used as cell culture
carriers, with controlled thermoresponsive cell detachment.9–11
Polymer brush components with suitable chemical groups and surface charges are ap-
propriate candidates for biomolecular incorporation. In particular, weak polyelectrolytes
(PE ), such as poly(acrylic) acid (PAA), that show a dissociation dependence on the pH
value of the solution, are here of interest. The thickness of the polymer brush layer is
a result of the osmotic pressure inside the brush and the configurational elasticity of the
polymeric chains.12 Protein adsorption onto PE brushes is, in many cases, driven by elec-
trostatic interactions and depends on the ionic strength and the pH of the surrounding
solution as well as the isoelectric point (IEP) of the protein.13 Maximum adsorption nor-
mally occurs at a pH value close to the IEPprotein where amphiphilic interactions govern,
whereas at the ’wrong site’, above the IEPprotein, where surface and protein have the same
interfacial charges, minimum but not negligible protein adsorption is expected to occur.14
Moreover, one possibility for covalent binding of biomolecules on the PAA brush surface
is the conjugation of brush carboxyl and biomolecular amino groups. This approach is
going to be presented in detail in this thesis.
A very interesting binary polymer composition, with respect to biomaterials surface
functionalization, is the combination of the temperature responsive PNIPAAm with the
pH responsive PAA polymer material. Along with the complex pH, salt and temperature
swelling behavior,6 these binary brushes offer necessary functionalities for biomolecular
coupling and act in a cooperative temperature responsive manner upon changes around
the physiological temperature.
10
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The scope of this work is to develop biofunctionalization strategies for the incorporation
of cell cues, derived from the cells’ communicative surroundings; the extracellular matrix
environment (ECM). The selection of particular biomolecules regards the biospecificity
as well as the conclusive cell responses that will eventually trigger certain developmental
mechanisms and influence cell fate. Ideally, the biofunctionalized polymer brush will apply
as temperature responsive generator or inhibitor of cellular events including cell adhesion,
migration, and proliferation. Likewise, biofunctionalized polymer brushes are promising
as functional surface coatings in the field of regenerative medicine and tissue engineering.
Two main biofunctionalization pathways are here investigated; the physical adsorption
(i.e. physisorption) and the covalent binding (i.e. chemisorption) of biomolecules. Here,
the biomolecular physisorption on the polymer brushes occurs mainly by electrostatics and
depends on the IEP biomolecule, since the pH throughout the scope of this thesis is fixed
at physiological values (pH 7.4). The chemisorption of the biomolecules is performed by
conventional carbodiimide chemistry, which regards the activation of the surface presented
carboxylic groups and subsequent immobilization of the biomolecules through amide cou-
pling. The biofunctionalized surfaces are being analyzed with respect to incorporated
biomolecular amount, subsequent target specificity and bioactivity. The thermal response
and sensitivity of the biofunctionalized layers is also analytically assessed. To do so, the
polymer brush coatings are characterized by a variety of physico-chemical, microscopic
and spectroscopic techniques with emphasis in ellipsometry.
The stimuli responsive adsorption of fibrinogen (FGN) protein, which is highly aban-
doned in the blood plasma, is studied for structurally different PNIPAAm homo- and the
respected PNIPAAm-PAA binary polymer brushes, which contain (or not) an additional
hydrophobic chain-terminal group at their PNIPAAm component (chapter 10). Linear and
cyclic synthetic oligopeptides which contain the RGD (Arg, Gly, Asp) peptide sequence,
which is responsible for cell adhesion, are covalently immobilized on the homo- and bi-
nary polymer brushes (chapter 11). In the third and last part of the thesis, physical and
chemical incorporation of the HGF (hepatocyte growth factor)and bFGF (basic fibroblast
growth factor) is being presented. The effect of the growth factor-functionalized brush
surfaces on cell fate is also here discussed (chapter 12).
11
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2.1. Theoretical aspects
According to Brittain et al. the term ’polymer brush’ refers to the system where surface
tethered polymer chains of sufficiently high grafting density, crowd so that they stretch
away from the surface due to excluded volume effects.12 The surface itself can be of
different shape and curvature and the polymer chain can be either physically or covalently
attached to it.12 In the present work we will only consider flat grafting surfaces and
covalent attachment of polymer brushes.
Figure 2.1.: Sketch of a Polymer Brush. Alexander et al. designed a model for the theo-
retic description of polymer brushes based on the assumption that the chain
segments within the ’Blobs’ behave as random ’Gaussian’ coils.15
S. Alexander and de Gennes first theoretically described the concept of polymer brushes
at the end of the 70′s.15–17 Their model assumes that a chain section within a blob of size
ξ, diffuses freely. The presence of neighboring chains does not perturb its conformation
and it behaves like a single chain under corresponding solvent conditions. The blob radius
of gyration, or end-to-end distance, in the case where the single chain is diffusing freely in
solution, scales like: Rg ∝ Nνb, with N the number of polymer coarse-gained segments and
ν the Flory exponent which depends on the solvent quality (ν = 1/3 for a poor solvent,
1/2 for a θ solvent and ν ≈ 3/5 for a good solvent).
According to the simple blob model, each chain contributes a number of N/g blobs and
the height h of the brush is predicted to scale like:
13
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hbrush ∝ ξN
g
∼ Nσ
1− ν
2ν . (2.1)
Generally, polymer chains in solution are found in a coil-like conformation, with a size
Rg  N . In a polymer brush, the chains adopt strongly stretched conformations with
Rg ∝ N., which is only true in the real brush regime.
Possible conformations of surface tethered polymers Depending on the distance be-
tween grafting sites ξ, the radius of gyration Rg, and the relative size of the grafting den-
sity σ, surface tethered polymer chains can take on either ”mushroom”-like or ”brush”-like
molecular conformations.12,18 The magnitude of the reduced grafting density Σ = σpi(Rg)
2
is the characteristic parameter that defines the polymer brush conformation.19,20
At low surface density, adjacent polymer chains do not laterally overlap and depending
on the strength of the interaction of the polymer segments with the surface, and the type
of the solvent, two cases must be distinguished: i) If the interaction between the polymer
and the surface is weak or repulsive, and the solvent quality is good, the chains form a
typical random coil which is linked to the surface by a trunk. This conformation of polymer
brush is defined as ’mushroom’-like regime and is shown in Figure 2.2a. ii) However, if the
polymer chains adsorb strongly to the underlying surface, or the solvent quality is bad,
the polymer molecules obtain a flat conformation, and are found in the ’pan-cake’-like
regime, Figure 2.2b. Both of these special conformation cases are characterized by the
Σ < 1 limitation.
Figure 2.2.: Sketch of possible surface tethered polymer conformations. a) ’mushroom’-like
b) ’pancake’-like c) ’brush’ conformation.
When Σ > 1, and the chains are tethered very close to one another, i.e. ξ < Rg, excluded
volume effects induce polymer chain stretching and the system adopts the so called ’brush’-
like conformation, Figure 2.2c. This causes an unfavorable decrease in polymer chain
entropy. The thickness of the brush layer is established after balancing these two opposing
forces. High stretching of the chains, defined as the ’true brush regime’ or ’cross-over
14
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regime’ is characterized by Σ > 5.
The balance (between enthalpically favored stretching and entropically favored collaps-
ing)can be shifted by changes in the quality of the solvent. Hence, depending on the
chemical nature of the polymer, environmental triggers such as temperature, pH value
or ionic strength and solvent polarity, can change the brush characteristics (i.e. brush
height), rendering the polymer brushes as stimuli responsive systems, (see section 2.4).
2.2. Fabrication of end-grafted polymer brushes
There are two basic approaches used for the fabrication of polymer brushes. According
to the first approach, the ’grafting from’ method, an initiator molecule is anchored to the
surface and subsequently the polymer chains are grown on the surface from the initiating
sites. The surface polymerization can be started either thermally, through a chemical pro-
cess or photochemically, by light irradiation.12 Following this approach, polymer brushes
with very high densities can be achieved. However, the control over the thickness of the
resulting layers is limited.
According to the second approach, the ’grafting to’ method, end-functionalized polymer
molecules are reacting with complementary functional groups located on the surface. This
method results in very homogeneous polymer brushes since the polymer synthesis itself
is performed in advance.12 One limitation of this technique is the relatively low grafting
densities that can be achieved. This happens due to excluded volume effects, i.e. kinetic
barriers that the already bound chains exert to the system.21
In this thesis work, an optimized grafting to approach was used, based on the use of a
macromolecular anchoring layer (poly(glycidyl methacrylate) (PGMA).22 This approach is
favorable for achieving considerably high grafting densities, due to the loop-tail structure
of the anchoring layer which provides an increased amount of reactive groups for the
grafting of polymer brush.
The grafting to method leads to the formation of a very thin polymer brush layer with
end-functionalized polymer chains attached via covalent bonding to the surface. These
layers are characterized by the distance between two different grafting points (ξ), and the
thickness of the polymer layer (h). The grafting density can also be described by
σ =
hρNA
Mn
(2.2)
15
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where h is the thickness of the brush layer, which can be ellipsometrically estimated, ρ
the polymer density, NA the Avogadros’ constant and Mn the average molecular weight
of the polymer chains.
2.3. Guiselin brushes
A Guiselin brush is a special case of polymer brush, where the polymer chains are anchored
by more than one point to the underlying surface, Figure2.3. Hence, the brush is created
by a set of loops and tails which, in good solvent conditions, are stretched away from the
surface in the same way to an end-grafted brush.
Figure 2.3.: Sketch of a Guiselin polymer brush. A characteristic loop and tail density
profile is defined for this particular polymer brush configuration
This systems are named after the french physicist O. Guiselin who was the first to
describe their behavior.23,24 His first estimations were based on the irreversible adsorp-
tion of PDMS layer on silica surfaces.25 Some years later, and after the experimental
studies which pointed out that for large time scales the polymeric PDMS chains slowly
detach from the surface,26 Guiselin and his colleagues concluded on the scaling description
of reversibly adsorbed polymeric chains.23 Their work predicted the variations of layer
thickness, grafting density and chain adsorbance as a function of the loop density profile.
In addition the effective free energy profile for various solvent conditions had been esti-
mated and was found to be in good agreement with previous calculations that regard end
16
2. Polymer brushes
grafted polymer chains.27
2.4. Stimuli responsive polymer brushes
The polymer brushes that respond to an external stimulus by changing their chain con-
formation are called ’stimuli responsive polymer brushes’ .20 These systems have to meet
certain criteria in order to maximize their responsiveness and be able to interact to their
environment in a certain manner. Besides the chain constitution, the grafting density is
the parameter which affects conformational responsiveness of the polymer brush. Ideally,
in a good solvent, the brush is swollen and forms a homogeneous layer of stretched tethered
chains Figure 2.2c. In this grafting density at the cross-over regime, the polymer brush
demonstrates the most pronounced response to external stimuli.20
These systems are promising for numerous important applications due to their ability
to switch interaction forces between the brush chains and their surrounding environment,
namely the solvent or gas neighboring molecules. Depending on the application, the
polymer can be tuned by a variety of external stimuli such as electric or magnetic field,
temperature, salt concentration and/or pH of the solution. This work is focused on tem-
perature and pH responsive polymer brushes. Nevertheless, the biomodification studies
focus on physiological performance under pH 7.4 and high ionic strength. Thus here, only
temperature response will be of applicational interest.
2.4.1. Polyelectrolyte brushes
Polyelectrolyte brushes are composed of ionisable monomer units along their polymer
chains.28 The presence of charges in solution depends on Coulomb interactions. The
interactions’ range is characterized by the Debye screening length κ−1, a variable that
scales with salt concentration of the bulk solution. Hence, the brush profile varies with the
ionic strength of the solution. The swelling of the brush is driven by an osmotic pressure,
caused by counter ion localization inside the brush layer, which balances the entropic
elasticity of the chains which opposes the extension. A classification of polyelectrolyte
brushes is based on the nature of the ionisable units. In case of quenched polymer brushes,
ionisable groups (in proportion f, of the total number of monomers N) can only appear at
fixed monomer positions along the chain. On the other hand, in case of annealed polymer
brushes, ionisable groups form a fluctuation distribution along the chain, whose shape is
in principle controlled by the environment (i.e pH of solution).28
17
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In this work we are focusing on negatively charged weak polyelectrolytes and particularly
on polyacrylic acid (PAA) polymer brushes with an isoelectric point of pH 3.2 (experi-
mental estimated by streaming potential measurements). These brushes show an increase
in their swelling degree along with pH increase, due to the deprotonation of COOH groups
along the polymer chains.
2.4.2. Thermoresponsive polymer brushes
In general, most polymeric materials are increasingly miscible to solvents upon temper-
ature increase. Particularly, some polymers show an upper critical solution temperature
(UCST), above which the components of a mixture are miscible in all proportions.29 How-
ever, other dissolved polymers exhibit a lower critical solution temperature (LCST), above
which the polymer chains are partially miscible to the solvent Figure 2.4.
Figure 2.4.: Relation of temperature to polymer volume fraction φ. Schematic illustration
of phase diagrams for polymer solution (a) lower critical solution tempera-
ture (LCST) behavior and (b) upper critical solution temperature (UCST)
behavior, adapted from30
One of the most intensively studied polymer that undergoes a phase transition in aque-
ous solution is PNIPAAm with an LCST at around 32 ◦C.31–33 At the LCST reversible
dehydration of the hydrocarbon side chain occurs, causing a collapsed conformation and
a change from a hydrophilic to a hydrophobic state, which can result in solubility changes
for bulk polymers in solution. A polymer solution below LCST is a clear, homogeneous
solution, while a polymer solution above LCST appears cloudy which is why the LCST
is also being referred to as ’cloud point’. This process is entropically driven opposed to
UCST transition which is an enthalpic phenomenon. At elevated temperatures, monomer-
monomer interactions are more favorable than interactions between the monomers and the
polar solvent.34
The LCST can be adjusted by changing the N-substituted hydrocarbon chain or through
the preparation of copolymers with one hydrophilic or hydrophobic component.35,36 Steric
18
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confinements of the polymeric system, i.e. grafting of the chains on a surface,37,38 and ad-
ditional salt concentration in solution39,40 affect LCST. Principally, the phase transition of
PNIPAAm polymer brushes in water was found to occur over a broader temperature range
with respect to the sharp transition observed in solution, due to interchain interactions
between densely tethered polymer chains.38,41,42
Other polymers with thermoresponsive properties include poly(N,N-diethylacrylamide)
(PDEAAm) with an LCST between 25 ◦C to 32 ◦C,43 poly(N-vinlycaprolactam) (PVCL)
with an LCST over the range of 25 ◦C to 35 ◦C,44 poly[2-(dimethylamino)ethyl methacry-
late] (PDMAEMA) with an LCST of around 50 ◦C,45 the poly(ethylene glycol) (PEG),
also called poly(ethylene oxide) (PEO) whose LCST is around 85 ◦C46 and the structural
isomer to PNIPAAm, poly(2-isopropyl-2-oxazoline) (PIPOX) which exhibits a cloud point
near physiological conditions at 37 ◦C.47,48
In this work thermoresponsive PNIPAAm brushes are applied, as ideal candidates for
bio-related applications due to their partially protein repellent properties5,49 as well as
their transition at 32 ◦C which lays between 25 ◦C and physiological temperature.50–52
2.5. Binary polymer brushes
The fabrication of an ultra-thin polymeric layer composed of grafted polymers of different
nature, leads to the formation of a mixed polymer brush, also known as ’binary polymer
brush’ .12 The incorporation of a second material to a system with already appointed prop-
erties, expands the possibilities of adaptive characteristics of the modified surface. Each
of the materials at the combined binary system may target some specific properties such
as biocompatibility, wettability, colloidal stability, friction, conductivity or adsorptivity.
Thus, a combination of two variant effects can be realized through the fabrication of a
mixed polymer brush. Moreover, each of the incorporated materials might individually
respond to an external stimuli, thus a surface coating with smart respond to the envi-
ronment can be realized. Mixed brushes composed out of two (or more) distinct species
of homo-polymers may change their surface properties on demand, by hiding or exposing
functionalities upon external stimulation.53,54
Moreover, the combination of two or more polymers in the brush, not only serves as
a simple addition of different functions, but also affects the specific morphology of the
film. In particular, increased numbers of interactions between the polymer chains and the
environment (i.e solvent) results in variable brush conformations. Theoretical calculations
19
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have shown that the brush morphology is affected by the interplay between lateral and
perpendicular to the substrate phase segregation, governed by solvent quality.3 Accord-
ingly, two characteristic morphologies are observed. a) The ’ripple morphology’ is observed
when a non selective solvent is in use. In this case a lateral micro-phase segregation is
realized, where both polymers expose their functionalities to the environment. b) The
’dimple morphology’ results when a selective solvent is used. Under this condition, the
unfavorable polymer is clustered deep inside the layer and only one material is exposed to
the surface. Here perpendicular phase segregation takes place.
2.5.1. Binary PNIPAAm-PAA polymer brushes
A very interesting combination of mixed polymer brushes occurs when a temperature
responsive polymer, such as PNIPAAm, is being combined to a pH responsive material, the
Guiselin PAA polymer brush. This polymer combination has been extensively investigated
in various systems such as polymer blends, hydrogel copolymers, and various types of end
grafted brushes.55–58 Bittrich et al. have investigated the complex temperature and pH
sensitive swelling of these brushes by means of spectroscopic ellipsometry and ATR-FTIR
technique.6
In this thesis, PNIPAAm-PAA binary brush system was bio-functionalized with proteins
as well as various cell triggering molecules in order to create a temperature responsive
polymer layer with effect on diverse cell lines. Here, the PAA component was used as a
bio-carrier material, which could be molecularly loaded by utilizing either the electrostatic
interactions or the brush-biomolecule COOH−NH2 interactions. The PNIPAAm was here
used to collectively alter the biomolecule-surface affinity or the exposure of incorporated
biofunctionalities upon temperature change.
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3.1. Overview
Surface bioengineering studies focus on creation of tailored materials that specifically
control biological responses. The fundamental interactions of any material with the en-
vironment through their interface have led material scientists and bioengineers to focus
their research on the boundaries where biological molecules interact with artificial matter.
In principle, a bulky biomaterial should meet certain criteria, such as appropriate archi-
tecture (i.e. size, shape), mechanical performance, and cost effectiveness. Additionally,
a careful design of the biomaterial’s surface through micro- or nanometer scale surface
coatings, should offer the opportunity to expand the properties and the performance of
the material with respect to its biological environment.
The broad field of biomaterial engineering develops to serve interdisciplinary areas of
expertise such as biomedicine;59 including surgery, diagnostics, and therapeutics, as well
as biotechnology, tissue engineering and regenerative medicine.60,61 Particular applica-
tions in the field concern: biosensors,62 biomimetic structures,63 self-healing materials,64
transplants implantation,65 artificial-biodegradable scaffolds,66 drug delivery systems,67
diagnostic amplifiers.68 Also, technological templates for various applications in basic
biological research are of great scientific interest.
Surface science in the field of biomedical materials relates the response of a living tissue
to any artificial implanted material. In principle, upon clinical operative treatment a
cascade of host reactions occurs at the interface between the tissue and the material,
known as inflammatory response.69–71 Once the inflammatory response is initiated, a
connective tissue encapsulates the material, and inevitable operational failure occurs. The
first step in this response is the interaction of protein and blood cells from body fluids
with the biomaterial surface. Therefore, the critical aspect of control over the non-specific
adsorption and the prior to application, designed surface performance is wished. The
expected interfacial protein and bacterial interactions due to electrostatic and hydrophobic
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attraction is here a major issue. Therein, the development of non-toxic, biocompatible
and/or antifouling surfaces is a prerequisite in many biomaterial applications related to
medical surgery, transplantation and injection in parts of human body.
Another important aspect of surface biomodification is the controlled adsorption and
release of certain biomolecules (i.e. proteins, growth factors) or pharmaceutical substances,
at specified cell or tissue target. The development of smart nanostructured interfaces with
ability to sense, control and dynamical manipulate the interfacial occurring interactions
is the modern attempt of surface bioengineering. Various stimuli have been used in order
to activate cell response. To name only some; thermal, magnetic, biochemical, light and
electrical environmental changes, are currently adapted stimuli, for various inspired cell
related applications.9,72–75
The development of surface designs that encourage tissue interaction and regulate cel-
lular behavior, is another essential issue of surface biomodification. In that respect, im-
mobilization of cell signaling molecules that are able to control cell behavior by targeting
receptor mediated cellular mechanisms, is one possible approach. Applications that relate
to tissue engineering presuppose an intelligent surface design, which aims on coordinating
composite factors as, controlling cell function together with limitation of unspecific surface
biointeractions.
The general features of surface design for tissue engineering, imply a rational consid-
eration of biological and chemical interaction with cell surface. Variables that influence
cell function and tissue morphogenesis have to be thoroughly considered and a significant
biomimetic environment has to be provided to the cell populations under investigation.
Tissue morphogenesis and cell function are thought to be regulated by both topographical
and physicochemical factors.76–78 The underlying surface design should meet important
requirements such as biocompatibility and mediation of cell adhesion. Moreover, depend-
ing on the cell type, the surface should provide necessary molecular cues for cell survival
and tissue regeneration.
A common surface biomodification approximation, is the imitation of the extra cellu-
lar matrix (ECM) environment, by simply coupling the most pivotal biomolecules to the
surface, following various chemical or physical approximations. Some of the most essen-
tial ECM building blocks, crucial for cell function are: collagen· a source of strength to
the tissues, elastin and proteoglycans which are essential to matrix resiliency, and the
structural glycoproteins which help to create tissue cohesiveness.79 In addition, various
signaling proteins, enzymes and growth factors are secreted from the cells towards the
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ECM environment, in demand, in order to auto-regulate cell function.
Numerous surface biomodification approaches use only minimum specific peptide se-
quences (e.g Arg-Gly-Asp or RGD), present in amino acid sequences of ECM proteins, to
trigger cell adhesion on the underlying surface.80–83 Once the cell surface receptors link
to the ECM, the cell which is now in strong contact to its underlying surface, activates an
auto-production cascade of the needed macromolecules for its vital maintenance. Namely,
the provision of a surface incorporated cell anchoring point is expected to trigger the de-
velopment of the conclusive extra- and intra-cellular environmental support, essential for
healthy metabolism, shape maintenance and control of cellular differentiation and growth.
In addition, cell adhesive surfaces that carry pivotal biomolecules such as growth fac-
tors (GFs) are currently being investigated. That implies, controlled mitogenic and
morphogenic growth factor delivery and/or solid state GF presentation at the interface.
Hereby, the development of a microenvirmonement with controlled 3D spatial but also
temporal arrangement of GF molecules is a prerequisite for successful cellular response
and tissue regeneration.
Fundamental investigations related to surface biomodification design should include
determination of the underlying biointeractive mechanisms, qualification and quantifica-
tion analysis of surface biomolecular incorporation, investigation of cell response as well
as coordinative biophysical modeling of the new applied cell related nano-environments.
Conclusively, if only the gained knowledge in the field of molecular biology and materials
surface science merges into one common scientific path, the establishment of engineered
materials that will accurately control the needed interactions for biospecificity, can be
realized.
3.2. Challenges in the field of surface biomodification
The design of biomaterial surface should take into account several parameters that effect
the outcoming material performance. Specific as well as non specific interactions with
the biological fluids should be predicted and designed in advance, in order to avoid any
unwanted reciprocal actions between biomaterial and biological environment. In that
end, biocompatibility is an important criterion. Biomaterials’ toxic and immunogenic side
effects must be avoided for best therapeutic action.
Another crucial aspect is the preserved functionality of the biomolecule after incorpo-
ration onto the surface. Here, various factors might effect the desired biospecificity. For
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example, physically adsorbed proteins with high affinity to the surface might loose their
structural association. Once the ternary protein structure is lost proteins are no longer
functional. Moreover, covalently bound biomolecules might be oriented in a way that will
hide the functional molecular ’keys’ or ’pockets’ that introduce cell response upon specific
binding to a certain cell associated biomolecule. Consequently, the surface biomodifica-
tion approach should aim in minimal surface- biomolecule contact. On the other hand, cell
culture and/or biochemical studies should be performed in order to reveal the bio-activity
of the engineered surface.
Along with the importance of intact biomolecular structure, the topographical presenta-
tion plays also a crucial role. Precisely controlled nano- or micro-dimensional spacing, as
well as relative freedom in molecular motion, even after conjugation, are critical parame-
ters for biomolecular function. A successful bioengineering design should mimic the ECM
environment, which resembles a flexible network with dynamic reorientation of functional
units. In that respect, along with the employment of peptide sequences that trigger specific
cell responses, the biological synergy of ’causes and effects’ should be carefully considered.
As an example, phase displace studies have confirmed high affinity of RGD selective lig-
ands to αvβ3 integrins present in most cell type extracellular membranes.
84 However,
the contiguity of the RGD peptides to the intracellular membrane proteins integrins, is
a necessary but not a capable condition for cell attachment. Biochemical signaling from
integrins binding to ligand is known to be strongly influenced by the spacial distribution of
these receptors. Complete signaling only occurs when integrins are clustered beneath the
cell membrane.85,86 Therefore, for best RGD peptide function, spatial adaptability upon
cell binding should be allowed in order to result in formation of intracellular focal adhe-
sion points. Only after formation of these large macromolecular assemblies the regulatory
signals between the RGD-modified surface and the interacting cell are being transmitted.
For precise control of regenerative processes (i.e. stimulation or arrest of cellular out-
growth), mitogenic and morphogenic signaling molecules, such as citokines and growth
factors (GFs), should be provided to the tissue. Growth factor incorporation into a bio-
engineered surface should precisely administer the provided surface concentration and
subsequent GF release. In fact, the presence of GFs shows a therapeutic outcome only
within certain concentration limits. High GF amounts are toxic, and cause various side
effects such as neovascularization of non-target tissues and growth of tumors.87,88 Because
of their potentially harmful character, soluble growth factors have very short half lives (e.g
for basic fibroblast growth factor only 3 min)89 and are highly sustainable to enzymatic
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degradation. Nevertheless, for regenerative and therapeutic effects, tissues must often
been exposed to GFs for much longer time-frames (i.e. ranging from days to weeks).90
Hence, in vivo secreted GFs are stabilized upon binding with ECM molecules (i.e. gly-
cosaminoglycans). Still, matrix bound GFs might lead to different signal transductions
compared to their soluble counterparts.91,92 Besides, GFs’ function and effect are complex
and depend on various cooperative events. In some cases, the targeted transduction path-
way is only activated by the synergy of two or more GF molecules (e.g vascularization is
initiated by bFGF and VGF co-action93). Likewise, a complex non-monotonic concentra-
tion dependence might influence the biological outcome. On that account, exploration of
sophisticated strategies that will allow for controlled, sustained and localized distribution
of GF to the target tissues is necessary. To that end, incorporation of GF onto bioengi-
neered surfaces, with controlled release dynamics and well decided localized concentrations
may potentially allow control over regenerative processes.
3.3. Incorporation of biomolecules onto surfaces
Surface bioengineering has made significant progress in designing biomolecular incorpo-
ration methods into surfaces. Depending on the requested application, the biomaterials
surface can be functionalized with cell signaling molecules through a variety of system-
atic approaches such as physical adsorption or covalent binding of biomolecules to already
existing functional groups, or immobilization of biomolecules on affinity ligands.
Physical adsorption The main driving forces that lead to biomolecular adsorption (i.e
physisorption) on surfaces are hydrophobic and/or electrostatic interactions and hydrogen
bonding. Generally, the major driving force of protein adsorption is an entropy gain re-
sulting from release of surface bound water molecules and salt ions, as well as structural
rearrangements inside the protein.94–98 According to Norde et al., partial dehydration of
protein, and sorbent electrostatic interactions, but also sub-processes such as rearrange-
ments of the protein molecules after ion-pair formation on the contact regions between sor-
bent and protein, are some of the intricate processes that lead to protein adsorption.99,100
Proteins have a complex adsorption behavior and do not resemble small molecules or rigid
particles that simply attach or detach from a surface with a probabilistic manner. Instead,
a list of exciting phenomena are taking place such as overshooting adsorption kinetics, sur-
face aggregation, structural rearrangements, all caused from the complex composition and
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structure of protein molecules.101,102 Due to the defined folding into their secondary and
tertiary structure, proteins contain a specific distribution of hydrophilic, hydrophobic,
positively and negatively charged side chains (also called protein ’patches’) which have a
major impact on their adsorption characteristics. Accordingly, these intermolecular pro-
tein characteristics (e.g. folding stage, charges) can widely vary in different environmental
conditions depending on pH, ionic strength or temperature, which will subsequently alter
the surface state and influence protein adsorption.
Covalent binding The types of functionalities generally used for biomolecule attach-
ment include easily reactive components such as primary amines, sulfhydryls, aldehydes,
carboxyls, carbonyls or hydroxyls.103,104 The particular functionalities can be either pre-
sented on the surface or introduced on the biomolecules of interest. Biomolecules can be
attached via zero length crosslinkers or by crosslinkers that introduce a spacing in be-
tween.104–106 In the following paragraphs some of the widely applied examples will be
discussed.
At physiological conditions the primary amines of the polypeptides N-terminus are pos-
itively charged and therefore, they are ’facing upwards’.104 Thus the covalent binding of a
biomolecule through these easily accessible groups is often proved to prevent protein denat-
uration.107,108 Along with the available NH2 group on the N-terminus of the polypeptide
chain (α-amine), the amino acid lysine (Lys, K), also provides an amine functionality on
the polypeptide side chain (ε-amine).
In order to couple a primary amine to COOH containing surface, the COOH groups
is often activated. NHS (N-Hydroxysuccinimide) esters are forming after activation of
carboxylate molecules by EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide). These
ester intermediates are highly reactive and commonly used for coupling of biomolecules
through amine groups. This approach is used in this thesis and it is going to be presented
in detail in chapter 11. According another approach, amines of the biomolecule can re-
act with aldehyde groups of the support. Here, aldehyde groups might be prepared by
mild oxidation of a polysaccharide matrix.109,110 Another approach is based on azlactone
activation by co-polymerization of acrylamide with azlactone. Here, upon reaction with
primary amines a ring opening occurs. The reaction leads to the formation of an amide
bond at the end of a five-atom spacer.111 One other option for immobilizing biomolecules
is the CDI (carbonyl diimidazole) activation. CDI is used to activate hydroxyl groups
present on a surface, to form reactive imidazole carbamates.112 Reaction of the activated
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surface with primary amine-containing biomolecules causes loss of the imidazole groups
and formation of carbamate linkages.
A second functional group, acting as immobilization target is that of the biomolecu-
lar sulfhydryl groups (SH), which exists in the side chain of cysteine (Cys, C).113 The
disadvantage of this approximation is the difficulty in access of theses groups, since disul-
fide bonds (-S-S-) are formed between cysteine residues in order to fold a protein to its
tertiary structure.114 It is often therefore, needed to brake the disulfide bonds (i.e. re-
duction to sulfhydryls) in order to chemically use these functionalities for immobilization.
The advantage of the approach is the ability to precise estimate the binding center of the
biomolecule, since sulfhydryl groups (SH) are abandoned in lesser amounts than amine
groups. To achieve immobilization via sulfhydryl groups, coupling through maleimide or
iodoacetyl activated surfaces to form thioether covalent bonds have been applied.115,116
Alternatively pyridyl disulfide surfaces to form disulfide bonds, have been used.117
Carboxyls (COOH) are present at the C-terminus and in the side chains of aspartic
acid (Asp, D) and glutamic acid (Glu, E) of each polypeptide chain and can also be used
to immobilize biomolecules on a surface. Here, a carbodiimide-mediated reaction (EDC)
might be used to immobilized biomolecules on amine modified surfaces.118,119 Neverthe-
less, coupling of the biomolecules to one another might occur, and therefore this approach
is commonly used.
Besides, a popular approach successfully used on synthetic polypeptides is the azide–
alkyne click chemistry.120,121 According to this approach, copper (I)-catalyzed azidealkyne
cycloaddition (CuAAC) reaction occurs rapidly between an azide-containing biomolecule
and an alkyne containing surface (or the other way around) to result in a covalent binding
of the biomolecule on the surface.122
Immobilization on affinity ligands In order to create biomodified surface that closely
resembles the natural binding state of the biomolecule, affinity ligands (i.e. proteins with
biological relevance) are initially incorporated onto the surface. Subsequently, upon incu-
bation with the wished biomolecule, specific but not covalent binding between ligand- to
-biomolecule occurs. Some examples, used in the literature are following presented. Bind-
ing of avidin (or streptavidin) to biotin is the strongest known non-covalent interaction
(Kd = 10
−15M) between a protein and ligand, and therefore it has been widely used.118 In
addition, antibody-antigen affinity, or aptamer ligands are often used in order bio-engineer
surfaces.123,124 Similarly, growth factors have high affinity to heparin, or heparan sulfate
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present in ECM.125 In that respect, in order to mimic ’natural’ binding and release of GFs,
surfaces are initially modified with the aforementioned ECM molecules and subsequently
interact with targeted growth factor molecules.126,127
3.4. Biomodification of polymer brushes
There are several important issues which render the use of polymer brushes ideal for
biomolecule adsorption, or immobilization. Firstly, the labor ease grafting to method,
allows preparation of brush layers for a large variety of substrates and architectures. Par-
ticularly, poly(acrylic) acid tethered polymer chains provide multiple binding points for
biomolecules along each individual chain.3 By choosing the nature of the brush, protein
adsorptive or repulsive properties can be adjusted. For example, PNIPAAm brushes pre-
pared by the grafting to method, have been proved to be protein resistant.5,6 Moreover,
the stimuli response to external thermal trigger might be used to alter bio-related inter-
actions at the interface. Consequently, the combination of the functional PAA component
and the thermoresponsive PNIPAAm components to a binary brush system provides the
possibility to create biofunctionalized thermal responsive surfaces. In this work, the bio-
functionalization of grafted-to PNIPAAm-PAA brushes, of particular molecular weights,
is introduced for the first time.
There are several advantages that render the PNIPAAm-PAA nanostructured surface
coatings appropriate for cell related applications. The nanometer- thick polymer brushes
are in the dimensional range of most biomolecules and related cell receptors. Thus, the
manipulation of biological response can be better accessed. The flexibility of the polymer
chains enables the reorganization of chemical functional units upon adhesion of cells. This
is advantageous for many cell related applications. For example, cell adhesive - RGD bio-
functionalized surfaces, are targeting integrins, as previously discussed. Profitably, these
intracellular membrane proteins, which are now connected to the brush by specific bioin-
teractions to RGDs, should be free to reorientate into the cytoplasm. This will facilitate
the intracellular reorganization upon cell adhesion to the surface. The soft polymer matter
of the brush chains is expected to allow for prerequisite intracellular focal point formation,
despite of the strong cell adhesion to the biofunctionalized surface.128
Functional biomodified coating based on polymer brushes have been extensively used in
the field of surface engineering. For detailed related review, the reader could refer to the
following publications.30,129–134 In the following paragraphs, a short review on protein and
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particularly on fibrinogen adsorption, as well as RGD biomodification of PNIPAAm and
PAA homo- and binary brushes (or similar material) is given. To the best of our knowledge,
there are non publications dealing with the biofunctionalization of the particular polymer
brush system (i.e. grafted-to) with growth factors in direct contact to the brush.
PNIPAAm has extensively been used as protein repellent coating in various forms, in-
ducing low affinity to certain cell lines.135 Xue et al. investigated protein adsorption on
PNIPAAm brushes synthesized by surface-initiated atom transfer radical polymerization
(ATRP- grafting from approach).7 Below LCST, PNIPAAm brushes resisted adsorption of
bovine serum albumin. In contrast, above LCST, the amount of adsorbed BSA depended
on the grafting density and on the molecular weight.7 PNIPAAm brushes prepared by
grafting to, having similar molecular weigh and grafting density to the ones investigated
here, were found to be protein resistant, both below and above LCST.5,6 According to
investigations of fibrinogen adsorption on end tethered PNIPAAm brushes, prepared by
ATRP grafting, the brush surface with 13.4 nm dry thickness conserved the protein re-
sistant character above LCST, whereas, for thicker dry PNIPAAm brush of 38.1 nm, a
significant increase in fibrinogen adsorption at 37 ◦C was found.136 The suppression of
protein adsorption is often attributed to the existence of a largely hydrated, outer brush
edge, which was supported by force measurements and neutron reflectivity studies.137–139
During the last decade, numerous studies have been performed in order to create cell
adhesive surfaces.130,140–143 PMMA brushes, presenting an acidic gradient have been pre-
pared through surface-initiated photopolymerization. RGDs were covalently bound on
the gradient surfaces via DCC (dicyclohexyl)-NHS chemisty. The biomodified brush suc-
cessfully controlled fibroblast adhesion.141 Linhui and colleagues investigated the RGD
functionalization of PNIPAAm-b-PAA brushes prepared by ATRP.142 Here, a PNIPAAm
layer was uniformly polymerized from the surface and subsequently a PAA gradient was
polymerized on the top using Br-terminated PNIPAAm polymer. The RGDs were at-
tached via EDC/NHS chemistry. Spatial adhesion control was achieved for HepG2 cells
cultured on the RGD modified brushes.142 Okano and co-workers presented the RGD
modification of thermoresponsive Poly(IPAAm-co-CIPAAm) grafted onto TCPS surface
by electron beam irradiation.143 They investigated the shielding effect of an additional
PEG chain on the dissociation of integrin-RGD binding below LCST of PNIPAAm. Their
results demonstrated that when PEG was present, BAEC cells detached from the collapsed
RGD-functionalized polymers in longer time frames.143 Navarro et al. used the sequen-
tial photografting of methacrylic acid to obtain vertically structured PMAA brushes.144
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PMAA brush films were first grafted by the ATRP method, and subsequently functional-
ized with cell-adhesive RGD peptides. By the final re-initiation of SIP, the cell-adhesive
brush layer could be ’buried’ under an additional PMAA layer. The culture of MC3T3
cells resulted in different cell morphologies, depending on RGD position on the brush layer.
For exposed RGD on the surface cells spread uniformly; whereas, cells showed a rounded
morphology when cultured on brush containing buried RGD peptides.144
Heparin-functionalized P(IPAAm-co-CIPAAm) surface was investigated with respect to
switching of cell growth and detachment. The surface was subsequently incubated with
basic fibroblast growth factor (bFGF) which specifically bond to Heparin molecules and
was compared to physisorbed and soluble form of bFGF. The culture studies showed
that physisorbed bFGF lost its activity compared to soluble and Heparin-immobilized
one. Moreover, at elevated culture temperatures the release of bFGF was accelerated. It
was proven that, heparin-functionalized polymers were able to enhance cell proliferation.
Upon lowering of temperature below LCST, confluent cells detached from the surface as
a contiguous cell sheet.145
In this thesis, fibrinogen adsorption as well as RGD and growth factor biofunctionaliza-
tion of grafted-to PNIPAAm-PAA polymer brushes is introduced for the first time.
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4.0.0.1. Objectives
In the following section, the biomolecules utilized in this thesis are being described. The
common characteristic of all the beneath outlined molecules is their abundance in the
ECM environment. As such, investigation of their interaction with polymer brush sur-
faces or their covalent immobilization on the polymer brush, with main focus on future
biotechnological and cell culture applications, was the principal goal of this thesis.
The first subsection describes the fibrinogen (FGN) protein, which was used as model
ECM protein for physical adsorption studies on the polymer brushes. Next, a short intro-
duction on the intracellular membrane protein - integrin, which is an anchoring molecule
used from the cell for immobilization (i.e adhesion) to its surrounding environment, is
given. This is namely the ’target molecule’ that will primarily sense and react to the sig-
nals sent by the engineered - bioadhesive polymer brush. Subsequently, the Arg-Gly-Asp
(RGD) amino acid sequence, and its importance in cell adhesion, is being introduced. Pro-
found studies on covalent binding of RGD-containing peptides onto polymer brushes were
performed and thus, they are here presented. Finally, a general definition of the growth
factors (GFs), as well as the introduction on the basic-fibroblast growth factor (bFGF)
and on the hepatocyte growth factor (HGF), is given. These two growth factors, were
used to physically and/or chemically modify polymer brushes, and the effect on cells was
subsequently analyzed.
4.1. Fibrinogen protein
Fibrinogen (FGN ) is a glycoprotein in vertebrates that helps in the formation of blood
clots. In particular, it takes part to coagulation cascade which results to the production
of thrombin.146,147 At the end of the cascade thrombin helps in fibrinogen conversion into
fibrin. The rapid proteolysis of fibrinogen releases ’fibrinopeptide a’. The loss of this small
peptide is not sufficient to make the resulting fibrin molecule insoluble, but it tends to
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form complexes with adjacent fibrin and fibrinogen molecules.
Figure 4.1.: Crystallographic structure of fibrinogen protein. α, β and γ subunits are
shown in green, red and blue respectively. The integrin binding sequences,
RGD and KQAGDV are shown schematically as dashed lines beeing parts of
the C-terminal regions of the α and γ subunits148–150
Thrombin regulates the cleavage of the fibrinopeptide B, from fibrin. The resulted
fibrin monomers polymerize spontaneously to form an insoluble gel. Noncovalent, elec-
trostatic forces help the polymerized fibrin to hold to together and a stabilization of the
molecular complex occurs by the transamidating enzyme, factor XIIIa, which is produced
once thrombin acts on factor XIII. The fibrin aggregates create clots which are blocking
the damaged blood vessel and prevent further bleeding. According to T. Springer et al.,
hemostasis and thrombosis, generally referred as ’blood clotting’ process, involve binding
to integrin on platelets, through the RGD sequence domains in fibrinogens’ α subunit,
which results in platelet aggregation.149
Regarding the structural characteristics of the fibrinogen molecule, it is reported that
it consists of three non-identical pairs of disulfide-bonded chains146,147,151 shown in figure
4.1. The a-chain has an approximate molecular weight of 63.5 kDa, the β-chain 56 kDa
and the γ-chain 47 kDa. The three chains are connected in a dimeric disulfide knot, at
the amino termini. During the structural development of the molecule a second dimeric
disulfide knot takes place.152 Fibrinogen has about 4 % carbohydrate content. The Stokes
radius for human fibrinogen is 10.7 nm,153,154 and the end-to-end distance of the FGN in
crystallographic structure was estimated to be ∼ 4.6 nm.155
4.2. Cell adhesion peptide motivs (RGDs)
Integrins: The RGD binding proteins Integrins are transmembrane proteins, used by
animal cells to bind to the extracellular matrix or to neighboring cells.156 Upon adhesion to
the ECM through RGD domains, they activate intracellular signal pathways that regulate
cell shape, orientation and migration. For many cell types, integrins are playing a vital
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role, as when they lose contact to the ECM they induce programmed cell death, also
known as cell apoptosis. The prerequisite for functional integrin activity is the formation of
focal adhesion points in the cytoplasmic reticulum (i.e. clustering of intracellular integrin
domains together with various synergistic proteins, such as focal adhesion kinase (FAK)).
Cell attachment also depends on a large number of weak adhesions, therefore integrin
molecules are present in big numbers in the cell membrane. In demand, inside-out signaling
initiates phosphorylation of integrins’ cytoplasmic tails, which results in deactivation of
the protein due to conformational changes and molecular bending, figure 4.2. Moreover,
integrin recognition of most ligands is divalent cation dependent.157 Along with the surface
elasticity, lateral as well as vertical nano-spacing are crucial parameters for RGD-integrin
recognition and clustering.158–160 In this respect, polymer brushes are excellent surface
coatings for RGD biofunctionalization, since they ultimately offer a vertical (i.e. from the
surface) nano-spacing in the wished nanometer range.160
Figure 4.2.: Schematic representation of an integrin molecule. The scheme highlights
molecular reorientation upon inside-out cell signaling, adapted from161
Integrins are transmembrane heterodimers, composed of two non-covalently assotiated
transmembrane glycoprotein subunits (α and β subunits). They are very diverse molecules
with a large number of protein types composed out of 9 types of β subunits and 24 types
of α subunits, with the most preserved type being the αV β3 integrin. Most integrin types
connect to bundles of actin filaments inside the cell, and after binding to the ECM proteins
they interact with cytoplasmic anchor molecules, such as talin, a-actin and filamin, figure
4.2.
RGDs RGD is a peptide sequence of three amino acids: Arginine, glycine and aspartic
acid (Arg-Gly-Asp). It is the cell attachment site present at a large number of adhesive
ECM, blood, and cell surface proteins.162 Its function as adhesive sequence is well pre-
served, and nearly half of the over 20 known integrins are interacting with this sequence in
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order to anchor the cell to its surroundings.163 These peptides promote cell adhesion when
attached onto a surface, and inhibit it when solubilized in culture medium. Despite the
unambiguous specificity regarding cell adhesion, the affinity of these conventional RGD
peptides is much lower that the natural adhesive proteins. According to Hautanen et al.,
the GRGDSP hexapeptide, which is derived from the cell attachment site of fibronectin,
is about 1000 times less effective in cell attachment assays than fibronectin itself.164 Nev-
ertheless, RGD sequence is specific and more stable towards enzymatic degradation due
to its small size and simple structure.
A partial list of adhesion proteins with RGD sites includes fibronectin, vitronectin, fib-
rinogen, von Willebrand factor, thrombospondin, laminin, entactin, tenascin, osteopontin,
bone sialoprotein, and under some conditions, collagens.163,165 According to Ruoslahti et
al. not all RGD-containing proteins mediate cell attachment; in fact, only a minority of
the 2600 (per Swiss Plot database 9/15/95) sequenced proteins that contain the RGD
sequence are likely to do so.163 For RGD activity two conditions should be qualified: the
availability of the peptide at the surface of the protein, and the compatibility of the neigh-
boring peptide sequence to the integrin binding domain.166 For example, if proline is the
residue that follows the RGD sequence the adhesive activity of RGD is being silenced.166
Another factor that affects RGD recognition is the geometry of the molecule (i.e. stereo-
chemistry, bending) in solution. The dependence of the RGD- to integrin specificity on
the conformation of the RGD site and the nature of the surrounding amino acids has been
successfully utilized in the design of integrin-selective peptides.167,168
RGD containing peptides Figure 4.3 shows the three types of RGDs used in this work.
The GRGDS, shown first (fig. 4.3 (a)) is a pentapeptide composed of the Gly-Arg-Gly-Asp-
Ser amino acid sequence. GRGDS mimics the cell adhesion cite of many adhesion proteins,
and it appears to be particularly critical for cell interaction with fibronectin.169,170 It has
a molecular weight of 490 Da and an isoelectric point of pI = 6.2.171 Two primary amines
are present, one at the free peptide end, on the Gly residue, and one on the side chain,
formed by the Arg amino acid. It is a simplified linear form of RGD-containing peptide;
still, widely used for various cell adhesion applications.172–174
Figure 4.3 (b) shows a longer linear RGD-containing peptide, composed of seven amino
acids. The amino acid sequence Gly-Arg-Gly-Asp-Ser-Pro-Lys results in a more stable and
active peptide comparted to GRGDS analogue. GRGDSPK is an 715 Da hepta-peptide
and has an isoelectric point of pI = 8.88.171 It inhibits endothelial cell adhesion to bFGF
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Figure 4.3.: Chemical structure of the three RGD-containing peptides used in this work.
and to fibronectin.175 Moreover, it plays an antagonistic role against αvβ3 and αvβ5
integrin receptor, resulting in inhibition of angiogenesis and tumor growth.176
Despite the fact that linear synthetic RGDs are closer to the natural ECM abandoned
form, few limitations might appear under certain circumstances. Linear RGDs are often
susceptible to enzymatic proteolysis.177 Therefore, there is high possibility of RGDs en-
zymatic cleavage under cell culture conditions. In addition, aspartic acid residue (Asp) is
highly susceptible to chemical degradation in solution, under physiological conditions.178
Cyclic RGDs are synthetic peptides which confer greater stability and selectivity over
linear peptides.179 They are very stable against proteolytic degradation, because of their
artificial character which is not recognized by the natural degrading enzymes.180,181 Ex-
cept of higher biological stability, cyclic RGDs show superior chemical stability in solu-
tion, due to the increased backbone rigidity resulting from peptide bond cyclization.178,182
Their exceptional stability, together with the variety of the possible molecular architec-
tures that can be synthesized lead to the wide employment of the particular RGD peptide
form. Cyclic RGD peptides are highly active and selective αvβ3 integrin competitors and
therefore, their potential therapeutic applications against angiogenesis and tumor metas-
tasis is being widely investigated.183,184 In figure 4.3 (c) , the chemical structure of the
cRGDyK peptide used in this work, is shown. It is consisting of the Arg-Gly-Asp-Tyr-
Lys, with ’c’ denoting the cyclic molecular architecture and ’y’ the chiral configuration of
tyrosine amino acid). This peptide has a 619 Da molecular weight and isoelectric point
of pI = 8.22.171 As the linear peptides, it contains two readily reactive primary amine
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groups, belonging to the Gly and Arg amino acids.
4.3. Growth factors
Growth factors are naturally occurring, soluble-secreted signaling molecules, able to stim-
ulate specific cell response and vital cell behavior. Their principal functions include regu-
lation of tissue morphogenesis, angiogenesis, cell differentiation and proliferation. In case
of tumor cells, growth factors act as inhibitor molecules, downregulating cell growth. Most
growth factors are quite versatile, stimulating cellular division in numerous different cell
types, while others are specific to a particular cell type.
Figure 4.4.: Growth factor signaling pathway: Growth factors are secreted by the producer
cells. After binding to the ECM, some GF molecules interact with target cell
receptors. As a result, complex signal transduction pathways lead to a specific
biological cellular response. Integrin adhesion machinery helps cells to migrate
into the direction of GF gradients.185
After secretion from a producer cell, many growth factors can be stored at various ECM
adhesive molecules, figure 4.4. Collective interactions with surface receptors of the target
cells activate series of complex cascades involving phosphorylation of target proteins, ion
fluxes, changes in metabolism, gene expression and protein synthesis, which all together
translate to an integrated biological response.185 Typically, growth factors exhibit slow,
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short-range diffusion through ECM and act locally owning to their short half-lives. The
specific function of a growth factor is dictated by a synergistic effect of the target cell, the
type of binding receptor, and the message that the particular receptor translates in order
to activate various intracellular transduction pathways.185
4.3.1. Hepatocyte growth factor (HGF)
Hepatocyte growth factor (HGF) is a mesenchymal cell derived protein that is mitogenic
for primary hepatocytes as well as other cell types, such as endothelial and epithelial cells,
melanocytes, and keratinocytes.186–189 HGF is known as scatter factor with an effect in
tumor homeostasis as well as inhibition of hepatic tumor proliferation.190,191
HGF has a relative molecular mass (Mr) of 82.000 kg/mol and is a heterodimer com-
posed of a large α-subunit of (Mr) 69.000 kg/mol and a small β-subunit of (Mr) 34.000
kg/mol.189 The heavy chain of HGF (i.e. α-subunit), consists of four kringle domains,
which are double looped polypeptides held together via disulfide bonds,192,193 figure 4.5.
Figure 4.5.: Crystalographic structure of Hepatocyte growth factor; heterodimeric molec-
ular structure based on PDB 1NK1.150
The light chain (i.e. β-subunit) of HGF has the structure of a pseudo-protease with
three altered amino acids which lacks proteolytic activity.194 HGF is synthesised and
secreted as biologically inactive single-chained precursor (pro-HGF), which is activated
by serine proteases (HGF activator and plasminogen).195 HGF binds to its receptor c-
Met which is composed of a 50 kDa extracellular α-chain and a 145 kDa trans-membrane
β-subunit with an intra-cellular tyrosine kinase domain.196 Binding of HGF to c-Met
results in phosphorylation of the tyrosine residue, which in turn recruits a range of intra-
cellular signalling pathways (Gab-1, phospholipase c-γ, STAT-3).195 Besides its mitogenic
effect, HGF/c-Met coupling results in a range of responses in a variety of cells, including
motogenic, morphogenic, neurite extension and anti-apoptotic effects.195
HGF synthesis takes place in the liver by non-parenchymal cells (HSCs and endothelial
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cells)197 and is then deposited in the ECM.198,199 After phosphorylation, HGF levels
increase rapidly which results in de novo hepatocyte synthesis by activated HCSs.197
Except of its mitogenic function, HGF is proven to act as hepatotrophic factor that
triggers for liver regeneration after partial hepatectomy and liver injury.192 In addition to
its hepatic activity, HGF has a range of actions in a variety of tissues; both in development
and in specific disease states (pregnancy, cardiac and peripheral vascular disease, tumor
metastases). Serum levels of HGF vary throughout life, under normal conditions, between
sexes, in pregnancy and with age.195 When exogenous HGF is injected intravenously it
is taken up by a wide range of tissues (liver, adrenal gland, spleen, kidney, lung, stomach
and intestine) and is rapidly cleared. Clearance is achieved predominantly through the
liver (70%) and to a lesser extent by the kidneys (10%).195
4.3.2. Basic fibroblast growth factor (bFGF)
The Fibroblast Growth Factor-basic (bFGF) is a heparin binding growth factor which
stimulates the proliferation of a wide variety of cells including fibroblasts, myeloblasts,
osteoblasts, neural or endothelial cells.200 Human bFGF is a 17.2 kDa protein containing
154 amino acid residues.201,202 Twelve anti-parallel β-sheets are organized into a trigonal
pyramidal structure,203 shown in figure 4.6.
Figure 4.6.: Crystalographic structure of basic Fibroblast growth factor; PDB 1BFF.150
bFGF consists of four cystein residues with no intramolecular disulfide bonds and has
a hydrodynamic diameter of 3.4 to 4 nm.204 Moreover, a large number of basic residues
(pI = 9.6) mediate the highly affine electrostatic binding to the negatively charged sul-
fate groups of heparin.205 bFGF is stored in the ECM upon binding to heparine-like
molecules.125,200 While the solid maintenance of bFGF to ECM regions protects the pro-
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tein from proteolytic cleavage and heat or acid denaturation, the dynamic bGFG binding
and release by the glycosaminoglycans also controls its functional movement and distri-
bution.206 Upon release from the glycosaminoglycans, bFGF interacts with four different
structurally related tyrosine kinase cell surface receptors (FGFR1-4) and their splice vari-
ants.207,208 Two separate receptor interaction sites allow bFGF to bind to two receptor
molecules or to interact with one receptor molecule at two different sites.209 After cluster
formation, a resulting autophosphorylation of the cytoplasmic tyrosine kinase domain210
initiates several signaling cascades including the Ras (derived from ”rat sarcoma”), Src
(derived from ”sarcoma”), phosphoinositide 3-kinase (PI3K) and phospholipase C (PLC)
pathway, which all lead to a bFGF mediated cell response.205,211 Subsequently, bFGF
is either taken up by the cell bound to the glycasominoglycans by constitutive internal-
ization followed by turnover or together in the ternary complex with heparin heparan
sulfate and FGFR in order to degrade the cytokine in the lysosomes.205 Besides, intra-
cellular bFGF can also translocate to the cell nucleus and directly exert gene regulatory
functions.205,212,213
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5.1. Ellipsometry
5.1.1. Theory of ellipsometry
Ellipsometry is an optical measurement technique used to determine the dielectric proper-
ties and the thickness of a thin film (a few A˚ to few µm thick), at a given substrate and in
a well known ambient medium.214 In particular, an ellipsometric measurement determines
the real part; refractive index n(λ), as well as the imaginary part; extinction coefficient
k(λ), of the complex refractive index of a material, N(λ) = (n(λ) + ik(λ)), where λ is
the wavelength of the electromagnetic radiation and i the imaginary unit. To do so, the
change in the polarization of light is monitored upon light reflection on a sample (or, in
more rare cases light transmission by a sample).
Figure 5.1.: Basic Ellipsometry principle: The changes in the state of polarization can be
expressed by the ellipsometric angles Delta and Psi.215
The name ’ellipsometry’ comes from the fact that polarized light often becomes elliptical
upon light reflection. Light reflection induces an asymmetric intensity difference (tan Ψ)
and phase difference (∆) shown in figure 5.1. Ellipsometry measures the ratio of minor to
major axis of the ellipse, and the orientation of the reflected beam which is determined by
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the relative phase difference ∆ and tanΨ. The ellipticity of the reflected light depends on
the optical constants of the thin film and its thickness.
The changes in polarization of light upon reflection on a thin film surface are described by
the change in the relative amplitude ration tanΨ and the relative phase shift ∆ according
to:
tanΨ =
Erp/E
r
s
Eip/E
i
s
(5.1)
∆ = (δrp − δrs)− (δip − δis) (5.2)
where, Ep and Es are the parallel and perpendicular components of the electrical field,
and the indices r and i indicate the incident electric field vector respectively.216
For a layered surface composed out of thin film, where two phase boundaries exist, the
complex reflection coefficients Rp and Rs are:
Rp =
rp01 + r
p
1se
−2βi
1 + rp01r
p
1se
−2βi (5.3)
Rs =
rs01 + r
s
1se
−2βi
1 + rs01r
s
1se
−2βi (5.4)
β = 2pi
d
λ
N1cosΦ1 (5.5)
where d is the thickness of the layer r01, r1s are the Fresnel coefficients at the air-layer
and the layer-substrate interface respectively. The ratio of the reflection coefficient is also
a complex function of the wavelength λ, the stack layer thickness dj and its refractive
index Nj , as well as the substrate refractive index Ns and the angle of incidence Φ0.
216
Thus, the basic equation of ellipsometry is computed according to:
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tanΨ · exp(i∆) = Rp
Rs
= ρ(θi, λ,Ns, n0, nj , kj , dj) (5.6)
The above equation is valid for homogenious isotropic systems. The optical constants
are evaluated by fitting a model system to the measured ellipsometric data ∆ and tan Ψ
by mean-square minimization.216
5.1.2. Ellipsometric setup
Light Source: Spectroscopic ellipsometry traditionally uses light source which exhibits
stable output with high intensity over a large spectral range. Commonly used light sources
are Xe and Hg-Xe lamps.217 A monochromator is used for the dispersion of light in different
wavelengths, figure 5.2.
Figure 5.2.: Basic Light Components of a Spectroscopic Ellipsometer.218
Polarizer: A well defined linear polarization of the non-polarized light is created by the
polarizer. Non-polarized light consists of a variety of randomly polarized electric field
vectors. Only the part of these vectors in the direction of the transmission axis of the
polarizer will not be absorbed and the light beam becomes linearly polarized. By rotating
the polarizer along its azimuth angle linearly polarized light with a different ratio of s and
p polarization can be obtained. A retarder is usually inserted after the polarizer, so that a
well defined polarization can be achieved. The retarder introduces a phase delay between n
perpendicular light polarizations and is usually constructed from thin birefringent plates.
Analyzer: The analyzer is usually identical to the polarizer and blocks all polarization
directions, except the one in the variable transmission axis. This is used to analyse every
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direction of polarization separately in order to determine the full polarization state of the
light beam after the interaction with the sample.
Detector: The ellipsometric detectors exhibit polarization and wavelength independent
sensitivity and linear respond to the incident beam intensity. A semiconductor photodiode
detector made of Si or InGaAs is traditionally incorporated to the ellipsometer.
5.1.2.1. Regression data analysis
The ellipsometer is not capable of measuring directly the thickness and optical constants
of a thin film.217 Instead, it estimates the ellipsometric angles whose relationship to the
film parameters was previously shown in eq. 5.1 to eq. 5.6.
Figure 5.3.: Flowchart of the spectroscopic data analysis.217
For the determination of the physical film parameters an optical model of the system is
created. The model is used to simulate the experiment and to compare the results of this
simulation to the experimental data. If the difference of both sets of data is very low, the
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model-generated ellipsometric data should correspond to the experimental of the actual
sample. Otherwise the model has to be varied and the procedure is repeated until the
best fit is achieved. A flow chart of the data analysis procedure is shown in the figure 5.3.
5.1.2.2. Maximum likelihood estimator
To obtain the best possible fit for the simulated data, the model parameter values which
give a minimum Mean Square Error (MSE) value, have to be found. The maximum
likelihood estimator should give a positive value with a minimum for an exact match.
This function is represented as:219
MSE =
1
2N −M
N∑
i=1
[(
Ψmodi −Ψexpi
σexpψ,j
)2
+
(
∆modi −∆expi
σexpψ,j
)2]
=
1
2N −Mχ
2 (5.7)
where N is the number of Ψ and ∆ pairs, M is the number of variable parameter in the
fitting process and σ the standard deviation of the experimental data points. The value
of ξ2 is a commonly used maximum likelihood estimator.
5.1.3. Modeling
For the data analysis, i.e. the fitting of the experimental data, two models were here
used. The models were designed according to the known basic structure of the sample
and initial estimations of fitting values were made. The optical functions are individually
assigned to each layer of the model, which is in most cases a layer-by-layer box model with
sharp interfaces. For the particular thin polymer layers, this model was proved to function
best.220 More complex applied optical models, which consider depth dependent gradient
of refractive index or 3D optical anisotropy, require sufficiently thick samples (i.e. more
than 100 nm).221
Cauchy dispersion Using this model, a parameterized description of the wavelength de-
pendence on the refractive index of a material is applied:222
n(λ) = A+
i∑
j=1
Bj
λ2j
(5.8)
As mention before, the complex refractive equals to the real index of refraction in the
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case of non absorbing material (k=0), and only then eq. 5.8 is valid. This dispersion
is commonly applied to describe the refractive index of thin organic films in the visible
spectral range.
Effective medium approximation The advantage of this method, is the simultaneous
estimation of the optical properties of a thin film composed out of two or more combined
materials. There are three common theories for the calculation of the optical properties
and they differ for example, on how the average between a host material and its inclusions
is calculated. According to the Lorentz-Lorentz theory, which is the earliest of all, the host
material is air and an unrealistic mixing on the atomic scale is assumed. In the Maxwell-
Garnett theory, the material with the largest constituent fraction is taken as host. Last,
the Bruggeman EMA (B-EMA), also used in this work, does not make any assumption
concerning the material that has the highest fraction.
The calculation of the refractive index by B-EMA is as follows:223,224
0 =
m∑
j=1
fj
n2j − n2
n2j + 2n
2
(5.9)
Quantitative analysis In contrast to the approximation used for the quantitative analysis
of protein adsorption at smooth, rigid surfaces,225,226 modeling on swellable polymer films
requires different analysis due to increased complexity. Figure 5.4 shows the adsorption
modes that were considered in this thesis.
Depending on the size of the protein, the grafting density of the polymer brush and the
interaction between protein and polymer layer, three possible adsorption modes can occur:
i) The primary adsorption, where the grafting density of the polymer chains is larger that
the hydrodynamic radius of the protein, and the protein affinity to the substrate is very
strong. Hence, the proteins penetrate the polymer film and adsorb on the substrate. This
case was not taken into consideration here, since the grafting density of the brush systems
studied is relatively high, and excluded volume effects as well as energetical barriers would
not allow for biomolecule penetration and solely adsorption onto the substrate. ii) The
secondary adsorption, where the polymer chains are grafted with high grafting density
and the protein adsorbs on the top of the polymer brush, figure 5.4a. The modeling of
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Figure 5.4.: Schematic representation of the different box-models used for modeling of
biomolecule adsorption on polymer brush substrates. A layer-by-layer model
with sharp interfaces has been considered. (a) Secondary; large protein
molecules or protein aggregates and (b) Ternary adsorption; small protein
molecules or peptide molecules. (c) The combination of the two adsorption
modes has been used to model biomolecular incorporation on polymer brushes.
The modeling of the adsorbed amount is based on the modified de Feijter
equation by Xue et al.7
this adsorption mode has been discussed by Arwin et al.214,227 iii) When the protein
molecules penetrate the brush layer and strongly interact with the polymer chains ternary
adsorption occurs, figure 5.4b. In this case the EMA approximation discussed by Bitrich
et al. is applied.220 According to the one-layer model, with combined polymer-protein
layer, a combined thickness and refractive index (i.e dcomb and ncomb) of the upper most
layer was estimated, and the EMA was used to individually estimate the protein volume
fraction (fprot) included in the combined layer, considering that the amount of polymer
fpol, before and after protein adsorption, is fixed.
The main approximation used in this work was based on the combination of secondary
and ternary adsorption, figure 5.4c. Here, after protein/peptide adsorption (i.e. both
physical and chemical adsorption) on the polymer brush, two gradations in the multilayer-
box model were considered. The polymer brush layer was initially comprised of the dswollen
and nswollen components. Upon biomolecular incorporation, it was considered to uptake
an unknown biomolecule amount, therefore was now represented by the ncomb component,
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where ’comb’ stands for biomolecule and brush combined layer (fig. 5.5) Moreover, an
uppermost layer that consists of solely (hydrated) protein/peptide molecules was added
to the model. The thickness of the additional layer (i.e. combined brush/biomolecule
- plus biomolecule on top), equals the thickness increase (or decrease) after biomolecule
incorporation, (i.e. dadd = dcomb - dswollen). The refractive index, ncomb, is common to the
biomolecule-brush layer. Hence, the change in molecular concentration in the biomolecule-
brush layer is represented by ncomb− nswollen and in the biomolecule-ambient layer by
ncomb− nambient
Figure 5.5.: Modified de Feijter approximation scheme by Xue et al.7 Simultaneous ad-
sorption of large proteins or protein aggregates and smaller proteins able to
penetrate the polymer layer.
According to the modified de Feijter approximation by Xue et al.:7
Γbiomolecule = dswollen
ncomb − nswollen
dn/dc
+ dadd
ncomb − nambient
dn/dc
(5.10)
where dn/dc is the biomolecule refractive index increment. Typically, n (λ = 632 nm) is
taken for the calculation of the adsorption. The validity of the model was tested in direct
comparison to the effective Medium Approximation (EMA), and the estimated adsorbed
amount Γbiomolecule was found to be in agreement for both methodologies.
Operation apparatus In the context of this work, the brush preparation on silicon wafers
was monitored by a single-wave SE400adv ellipsometer (SENTECH Instruments GmbH,
Berlin, Germany). For the in-situ analysis, an ellipsometric setup with rotating analyzer
and an additional retarder (alpha-SE, J.A. Woollam Co., Inc., Lincoln, NE, USA) was
used. The samples were fixed into a quartz cuvette (TSL Spectrosil, Hellma, Muellheim,
Germany) that was closed with a teflon covering in order to isolate the sample from the
48
5. Surface characterization methods
environment. The angle of incident was set to 70◦ (perpendicular irradiation to the cuvette
sides) and the measurements were performed at the visible wavelength range from 400 to
800 nm, in order to avoid errors due to absorption in the aqueous buffer solution. For the
data analysis the CompleteEase software (Version 4.64, J.A. Woollam Co., Inc., Lincoln
NE, USE) was used.
The details about the experimental procedure used for the ellipsometry analysis of dif-
ferent systems are given in chapter 8.
5.2. ATR-FTIR spectroscopy
The Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)
is based on guidance of an infrared beam into a crystal, whose surface is coated by a
film of interest in contact to air (dry state) or to liquid environment (wet state).228 As
infrared light radiation hits a sample surface, excitation of molecular vibrational modes,
at every reflection point, is to be expected. The infrared beam reflects form the internal
surface of the crystal and an evanescent wave is created, which projects orthogonally
into the sample intimate contact with the ATR crystal. The energy of the evanescent
wave decays exponentially with the distance from the boundary and the factor of decay
depends on the on the wavelength, refractive indices of crystal (n1), adjacent medium
(n2), the angle of incidence θi (equation. 5.13). If an absorbing material is present on the
boundary, the electric field is attenuated and not completely reflected. Some of the energy
of the evanescent wave is absorbed by the sample and the reflected radiation (some now
absorbed by the sample) is partially returned to the detector. The ATR phenomenon is
shown graphically in figure 5.6.
Figure 5.6.: Schematic presentation of basic ATR-FTIR principle, adopted from229
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Total reflection occurs when light is directed at a phase boundary at an angle above a
certain critical angle θc. For ATR to happen, the refractive index of crystal n2 should be
bigger than that of the sample n1. The critical angle is defined by Snell’s law:
230
sinθi =
n2
n1
sinθt (5.11)
θc is defined as the angle of incidence θi at which the exit angle of the transmitted light
would be θt = 90
◦:230
θc = sin
−1(n2
n1
)
(5.12)
The depth if penetration for ATR measurements at the contact position is given by the
following equation231
dp =
λ1
2pi
√
sin2θi − (n2/n1)2
(5.13)
where λ1 is the wave length in the prism (λ1 = λn1, with λ the ambient wave length).
As shown in the equation 5.13 the penetration depth decreases as the angle of incidence
increases. A 45◦ angle of incidence and the sample refractive index of a general organic
compound (n2 = 1.50) were used for the theoretical calculations.
228,232
Operation apparatus In this work, the so called ”single-beam-sample reference”-method
was used (SBSR, OPTISPEC,Zrich, Switzerland).233 ATR-FTIR spectra were recorder
with a IFS55 spectrometer (Bruker Optics GmbH, Leipzig, Germany). The ATR crystals
were made out of Si of trapezoidal shape (KOMLAS GmbH, Berlin, Germany). Experi-
mental analysis was performed by the use of an OPUS (Bruker version 7.0) software.
Experimental procedure For the recording of the reference area (i.e. SiO2 spectra),
after the spin coating and annealing of the PGMA anchoring layer, the wafer was half
wiped out with ethanol. Thereafter, a reference area on each individually tested wafer
was created. Spectra of the reference area, and the sample area were recorded alternately,
by movement of the vertical position of the ATR crystal in the IR-beam. The ratio
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of the recorded intensities was estimated, in order to compensate undesired background
adsorption, due to the substrate material or the solvent. The samples were analyzed
either in dry state, where after each modification step N2 flux was applied, or in situ,
where the kinetic measurements of chemical alterations of surface state were recorded. In
situ measurements were performed in a special home-built cell-design (M. Mu¨ller, IPF
Dresden). Each measurement was taken after 10 min equilibration time.
5.3. Atomic force microscopy
The basic principle of AFM is based on the movement and subsequent scan of the surface
with an ultra sharp tip which moves over the surface of a sample in a raster scan manner,
figure 5.7. The tip is positioned at the end of a cantilever which bends in response to the
force between the tip and the sample. The force is not measured directly, but calculated by
measuring the deflection of the cantilever. The reflection of a laser beam on the backside
of a cantilever which is being detected via photo diodes, is used to determine the deflection
of the cantilever. In particular, Hooke’s law gives F = −kx, where F is the force, k is the
stiffness of the cantilever, and x is the distance of cantilever bending.
Figure 5.7.: Schematic presentation of AFM instrumentation234
The resolution of the AFM also depends on the shape of the tip. The radius of common
tips, made from silicon is about 10 nm. Therefore, structures of the particular scale appear
in a bigger size or cannot be resolved.
AFM operation modes Contact mode is the basis for all AFM techniques in which the
probe tip is in constant physical contact with the sample surface. In this mode, while
the tip scans along the surface, the sample topography induces a vertical deflection of the
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cantilever. The feedback response, that is generated by laser deflection maintenance at a
present load force, is used to generate a topographic image. The lateral resolution can be
down to 1 nm and the height can be less than 1 A˚. The disadvantage when it comes to
scanning of soft polymer thin layer, is the possible disturbance of the sample surface due
to capillary forces.
Non-contact mode refers to the situation where the tip hovers 50-150 A˚ above the
sample surface. Attractive van der Waals forces acting between the tip and the sample
are detected, and the topographic images are constructed by scanning the tip above the
surface.
Surface roughness The roughness of a surface is calculated as the root mean square
roughness (RMS) Rq. This is the standard deviation of the Z-values of the average value
of a given surface:235
Rq =
√∑N
i=1(Zi − Zave)2
N
(5.14)
Where Zave is the average value of Z, Zi the current Z-value and N is the number of
points measured.
Operation apparatus AFM studies were performed with a Dimension 3100 (Digital In-
struments, Inc., Santa Barbara, USA) microscope. Tapping mode was used to map the
brush morphology at ambient conditions. Tips type BSmulti ( Budget Sensors, Bulgaria)
with resonance frequency of 75 kHz, spring constant of 3N/m and radius < 10nm were
used. A first order flattening, followed by a first order plane fit was applied to the images,
using Nanoscope Analysis Software, Version 1.40 (Bruker-Nano, USA). For the swelling
measurements, AFM images were taken in the peak force quantitative nanomechanical
analysis imaging mode (PFQNM) by a Dimension ICON equipped with a heating stage
(Bruker-Nano, USA) was used. Silicon nitride sensors SCANASYST-FLUID+ (Bruker,
USA) with a nominal spring constant of 0.7 N/m and a tip radius of 5 nm were used.
5.4. Streaming potential technique
When a solid surface is in contact with a liquid medium a gradual overall arrangement of
electric charges is taking place. The charges in the bulk liquid phase are often referred to
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as the electrical double layer (EDL) of the solid-liquid interface.236 The zeta potential (ζ-
potential), also known as electrokinetic potential, is the potential difference across phase
boundaries between solids and liquids. The liquid phase contains some amount of dissoci-
ated ions, which are arranged into the compact layer and the diffuse double layer. Within
the compact layer, the ions are strongly attached to the solid surface, whereas in the dif-
fused double layer the ions are mobile. The thickness of the diffuse EDL is represented
by the Debye-Hckel reciprocal length parameter κ−1.237 The electrical potential at the
boundary between the compact layer and the diffuse double layer is called the ζ-potential,
figure 5.8.
Figure 5.8.: Schematic representation of the basic principle of streaming potential238
The surface electrokinetic properties are being determined by streaming potential mea-
surements. A flow cell made of a parallel-plate microchannels is designed to perform the
streaming potential measurements, as shown in figure 5.8. Two electrodes are applied
at the ends of the channel, and the voltage difference (∆U) is recorded. The resultant
electrostatic potential difference, between the two ends of the channel, is defined as the
streaming potential due to its flow feature. The streaming potential equation for a rect-
angular microchannel is shown:239
ζ =
∆U
∆p
Lη
Qεε0R
(5.15)
where ∆p is the pressure loss during streaming, L is the channel length and Q the cross
section of the channel, η the viscosity of the solution, ε and ε0 are the electric constants
and R the resistance.
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Operation apparatus The ζ-potential as a function of pH was measured with ElectroKi-
netic Analyser (EKA, Anton PAAr GmbH, Graz, Austria). Two silicon surfaces coated
equally with polymer brushes were arranged face to face, to form a small channel where an
electrolyte solution was pumped through in controlled flow. The pH value of the solution
was adjasted with 100 mM KOH and 10 mM HCL.
5.5. Dynamic contact angle
As first described by Thomas Young240 in 1805, the contact angle of a liquid drop on an
ideal solid surface is defined by the mechanical equilibrium of the drop under the action
of three interfacial tensions
γlvcosθY = γsv − γsl (5.16)
where θY the Young’s contact angle, and γlv, γsv, γsl are the liquid-vapor, solid-vapor,
and solid-liquid interfacial tensions respectively, figure 5.9.
Figure 5.9.: Illustration of contact angles formed by sessile liquid drops on a smooth ho-
mogeneous solid surface241
The Young’s contact angle is an indicative value of the surface tension, caused by the
unbalanced forces of liquid molecules at the surface. A contact angle less than 90◦ indicates
favorable spreading (i.e. hydrophilic ∼ small surface tension); while contact angles grater
than 90◦ indicate unfavorable liquid spreading (i.e. hydrophobic ∼ large surface tension).
Superhydrophobic surfaces show water contact angles greater than 150◦ .
If the three-phase contact line is in actual motion, the contact angle produced is called
dynamic contact angle. In particular, the contact angles formed by expansion or contrac-
tion of the liquid droplet are referred to as the advancing contact angle θa and the receding
contact angle θr, respectively. When advancing contact angle is measured at sufficient low
speed, it fairly resembles the static contact angle value. The difference between the ad-
vancing angle and the receding angle is called the hysteresis (H = θa − θr) and is mainly
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cause from surface roughness and/or heterogeneity.242,243 In general, Young’s contact an-
gle does not correlate to experimentally measured contact angle, as Young’s equation does
not account on surface roughness.
Operation apparatus An OCA20 (DataPhysics Instruments Gmbh, Filderstadt, Ger-
many) contact angle instrument was used in this work. the measurements were performed
at controlled temperature (T=25 ◦C) and relative humidity (φrel = 50%). Water con-
tact angles were determined from dynamic dispensing/redispensing measurements with a
volume of 7 µl, at a suspension rate of 0.2 µl/sec. Low suspension rates were chosen to
assure proximity of the advancing to the static contact angle, due to mechanical equilib-
rium between single measurement steps. Embedded needle measurements (needle in) were
performed and the goniometer technique was used by aligning a tangent at the point of
contact between solid surface and sessile drop. For the determination of contact angle the
”ADSA-drop analysis” software was used.
Temperature sensitive measurements were performed by the use of a DataPhysics In-
struments GmbH temperature stage. The calibrated temperature stage was attached to
the contact angle device and the temperature was set 15 min prior to each individual
measurement, in order to assure thermal equilibrium and brush swelling.
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6.1. High Performance Liquid Chromatography (HPLC) in
bioanalysis
Figure 6.1.: Illustration of the basic HPLC apparatus244
HPLC allows precise quantification of sample molecules with a very high resolution.245
The different available HPLC approaches are namely the affinity chromatography, the
reversed phase chromatography, the ion-exchange chromatography and the hydrophobic
chromatography. Each one of these HPLC performances, uses different principles in order
to separate and purificate the compounds of interest. In this work a reverse phase chro-
matography was used to separate and quantify peptide molecules adsorbed on polymer
brushes. This technique is used to separate compounds that are dissolved in solution.246
In this thesis, HPLC has been applied in order to quantify the amount of GRGDS,
GRGDSPK and cRGDyK on PAA brushes and the results were compared to modeled
peptide amounts via VIS-SE. For that, the peptide bonds in the amino acid sequence
were broken down to single amino acids by acidic hydrolysis, and the amino acids were
subsequently derivatized with a fluorescent label. A chromatographic column was used in
order to separate the amino acids according to differences in partitioning behavior between
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the mobile liquid phase and the stationary phase. Following the separation procedure, the
single amino acids were detected by their fluorescent signal after excitation with a suitable
wavelength, and were quantified using external standards.
Operation apparatus In this work Zorbax SBC18 column (4.6x150mm, 3.5µm, Agilent
Technologies, Boeblingen, Germany) using an Agilent 1100 LC system (Agilent) with a
fluorescence detection (excitation wavelength of 335 nm, emission measured at 455 nm)
was in use.
Experimental Procedure Quantification of immobilized RGD peptides (GRGDS,
GRGDSPK, cRGDyK) which where either physisorbed or chemisorbed on polymer brushes,
in various initial concentrations, was performed by acidic hydrolysis and subsequent reverse-
phase HPLC analysis. Briefly, SiO2 wafers modified with RGD functionalized polymer
brushes were subject to vapor hydrolysis in vacuum using 6 M HCL at 110◦C for 24 h and
subsequently neutralized. Extraction of amino acids from the samples was accomplished
by repeated rinsing with a definite volume of 50 mM sodium acetate buffer at pH 6.8. The
released amino acids were chromatographically separated after precolumn derivatization
with orthophtalaldehyde (Sigma-Aldrich) on a Zorbax SBC18 column (4.6x150mm, 3.5µm,
Agilent Technologies, Boeblingen, Germany) using an Agilent 1100 LC system (Agilent)
with a fluorescence detection (excitation wavelength of 335 nm, emission measured at 455
nm) was in use. Amino acids were quantified using external standards.
6.2. Enzyme-linked immunosorbent assay (ELISA)
The enzyme-linked immunosorbent assay (ELISA) is a biochemical technique used to
detect the presence of a specific antigen in a sample.247 In a ’sandwich’ ELISA, an
unknown amount of antigen is fixed to a plate coated with a capture antibody. In the
next step, a specific detecting antibody is applied over the surface so that it can bind to
the antigen.
After addition of an enzyme-linked secondary antibody that binds to the detecting anti-
body, a chemical substrate is applied which can be enzymatically converted to a detectable
form (most commonly associated with a color change). The main steps of a commercially
available ’sandwich’ ELISA kit are depicted in figure 6.2. Here the biotinylated secondary
antibody specifically reacts with a Streptavidin-HRP (Hors Radish Peroxidase) reagent.
Subsequently an TMB (3,3’, 5,5’ - tetramethylbenzidine) which is a soluble colorimetric
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Figure 6.2.: Main steps of the ’Sandwich’ ELISA kit248
substrate for HRP is added. By comparison to a standard of a defined concentration, the
antigen in the sample can be quantified.249
Experimental procedure In the context of this work, ELISA was used to analyze the
uptake and release of physically adsorbed or covalently bound bFGF and HGF by PAA
and PNIPAAm-PAA polymer brushes. Wafers of SiO2 modified with polymer brushes
were placed in custom-made incubation chambers that allowed only minimal interaction of
the protein solution with areas not originating from the polymer brush. Subsequently, GFs
were allowed to physically interact with the brush, or specifically bind to the EDC/NHS
activated polymer brush. The incubation was performed with GF of 1 µl/ml, 0.5 µl/ml,
0.1 µl/ml in PBS-BSA (in case of HGF) or PBS-casein (in case of bFGF) diluted solutions.
The immobilization and washing solutions were collected and assayed in triplicates. An
ELISA quantitative kit (R&D systems, USA) in case of HGF or an optimized by Dr. U.
Ko¨nig ELISA protocol in case of bFGF were applied. After immobilization, GFs were
allowed to release from the polymer brush at 37 ◦C into 1 ml of PBS buffer, blocked with
3 % BSA. Samples were always collected at the same intervals (2 h, 6h, 24 h, 48 h, 120 h;
5 days, 168 h; 7 days) and stored at -80 ◦C until analyzed by ELISA. An equal volume of
fresh medium was added back at each time point. The adsorption mode at 445 nm of the
ELISA plates was analyzed with a TECAN microplate reader (infinite M200 PRO).
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7.1. Fluorescence microscopy
Fluorescence microscopy is based on samples labeled with a fluorescent dye (i.e. fluo-
rophore). This dye is excited by light of a certain wavelength.250 A mercury-vapor lamp
(or a laser) is usually used as a light source. Since mercury-vapor lamps emit light over
the whole optical spectrum as well as in the ultraviolet range, an optical excitation filter
is needed to isolate one specific wavelength.
Figure 7.1.: Schematic of the working principle of fluorescence microscopy251
Due to the Stokes shift, it is possible to separate excitation and emission light in the same
light path optically via a dichroic mirror. This way, only the emission light is collected by
the objective. An emission filter helps to suppress unwanted background light,252 figure
7.1.
Immunostaining For visualization of the scattering morphology, cells were stained for
actin filaments using a red fluorescent rhodamine-phalloidin stain according to manu-
facturer protocol (product number R415, Invitrogen). Briefly, cells were washed several
times with PBS, fixed with 3.7% paraformaldehyde for 5 minutes, permeabilized with
0.1% Triton-X solution for 3 minutes and blocked with 2% BSA for 30 minutes. Samples
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were then incubated with the rhodamine -phalloidin solution at room temperature for
20 minutes (red staining of F-actin filaments), washed 3 times in PBS, mounted with a
DAPI-containing mounting medium (Vectashield-blue staining of nuclei) and imaged by a
confocal microscope (Zeiss LSM Pascal).
Live-dead assay For visualization of alive and dead cells after cultivation on the brush
surfaces, a ’Live-dead assay’ was performed. Live/Dead staining was performed according
to the manufacturers instructions by incubating samples washed with PBS in a solution of
2 µM calcein AM + 4 µM EthD-1 for 10 minutes. Washing and imaging were performed
immediately (Invitrogen L3224).
7.2. Real-time PCR
Polymerase chain reaction (PCR) is a technique able to amplify specific copies of single
stranded DNA across several orders of magnitude, generating thousands to millions of
copies of a particular DNA sequence,253 figure 7.2.
Figure 7.2.: Schematic PCR amplification251
During PCR, cycles of repeated heating and cooling are performed in order to achieve
DNA melting and subsequent enzymatic DNA replication. Specific short DNA fragments
(primers) that contain complementary to the target region sequences, along with a DNA
polymerase (enzyme responsible for DNA polymerization), are used in order to selectively
perform repeated DNA amplification. As PCR progresses, the generated DNA is used as
a template for replication, setting in motion a chain reaction in which the DNA template
is exponentially amplified. The amplified DNA can be used for many purposes, such as
identifying different genes or cloning of specific DNA sequences.
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Quantitative Real-time PCR is the technique where the PCR amplification progress is
monitored in real time. According to this approach, the intensity of a fluorescently labeled
DNA target is indicative of the initially present nucleic acid amount. Here, reactions are
characterized by the point in time during cycling when amplification of a target is first
detected rather than the amount of target accumulated after a fixed number of cycles
(’plate read assay’ ).
Here, Real-time PCR was used in order to gene expression levels of HepG2 as well as
mESC cultures on growth factor-functionalized polymer brushes.
Experimental procedure
HepG2 culture analysis Real-time quantitative RT-PCR (qRT-PCR) was used to deter-
mine the expression of albumin, alpha-fetoprotein (AFP) and hypoxia-inducible factor 1
(HIF1). Cells were trypsinized, resuspended in 200 mL of lysis buffer (Roche) and then
stored at -80 ◦C. Total RNA was extracted from the cell lysates using Total mRNA iso-
lation kit (Roche) according to the manufacturers instructions. cDNA was synthesized
using Quantitest Reverse Transcription Kit (Roche) according to manufacturers instruc-
tions. Briefly, 9 mL of master mix containing reaction buffer, dNTPs, random hexamer
primers and Reverse Transcriptase was added to the 11 mL of RNA sample (20 mL) and
the sample was incubated at 25 ◦C for 10 min, 42 ◦C for 50 min; then the reaction was ter-
minated by heating the sample at 85 ◦C for 3 min. Primers for human albumin (forward:
5-CATCCTGAACCGTCTGTGTG and reverse: 5-TTTCCACCAAGGACCCACTA), hu-
man AFP (forward: 5-AGAACCTGTCACAAGCTGTG and reverse: 5-GACAGCAAGCT
GAGGATGTC) , human HIF1 (forward: 5-GCCCTACGTGCTGTCTCA and reverse: 5-
TGCGAATGCAAATCACTAGAA) and human GAPDH (forward: 5-AGACAGCCGCAT
CTTCTTGT and reverse: 5-CTTGCCGTGGGTAGAGTCAT) genes were selected from
a database.254 GAPDH was used as a housekeeping gene.
mECS culture analysis Real-time quantitative RT-PCR (qRT-PCR) was used to deter-
mine the expression of pluripotency as well as differentiation towards endoderm markers.
PCR was carried out as described above for HepG2 cell samples. Primers for mouse
Sox17 (forward: 5- GGCGCAGCAGAATCCAGA and reverse: 5- CCACGACTTGC-
CCAGCAT), mouse Foxa2 (forward: 5- GGGAGCGGTGAAGATGGA and reverse: 5-
TCATGTTGCTCACGGAGGAGTA), mouse AFP (forward: 5- TCGTATTCCAACAGGA
GG and reverse: 5- AGGCTTTTGCTTCACCAG), mouse Goosecoid (forward: 5- GCAC-
61
7. Cell analysis
CATCTTCACCGATGAG and reverse: 5- AGGAGGATCGCTTCTGTCGT)and mouse
GAPDH (forward: 5- GCACAGTCAAGGCCGAGAAT and reverse: 5- GCCTTCTC-
CATGGTGGTGAA) genes were selected from a database.254 GAPDH was used as a
housekeeping gene.
All PCR reactions were done in duplicate. The relative expression level of each gene
was calculated using the comparative threshold cycle (Ct) method with GAPDH as a
housekeeping gene and an internal standard. Median Ct values of duplicate samples were
used to calculate Ct value from the housekeeping gene for the same sample. A denaturing
curve for each gene was used to confirm homogeneity of the PCR product. The number
of samples (culture surfaces) used for statistical analysis of PCR data was n = 3 for all
conditions.
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8.1. Chemicals and materials
Substrates used for polymer brush grafting Silicon wafers, oriented in [100] direction
and with a ∼ 2nm native SiO2 were purchased from Si-Mat (Landsberg, Germany),
whereas, glass slides were purchased from VWR, Germany.
Solutions Ethanol absolute was purchased from VWR, Germany. Chloroform (CHCl3)
was purchased from Fisher, Germany. Phosphate buffer saline (PBS) (tablets, pH 7.4)
were purchased from Sigma Aldrich, Germany. Acetic acid was purchased from Merck,
Germany.
Polymers used to prepare polymer brushes Poly(glycidyl methacrylate) (PGMA, Mn
= 17500 g/mol, Mw/Mn = 1.7), Poly(acrylic acid) (PAA, MN = 25000 g/mol and MN =
26500 g/mol), two different Poly(N-isopropylacrylamide) PNIPAAm species, (PNIPAAm
MN = 42000, 94000, 104000 g/mol or PNIPAAm MN = 105000, 135000, 178000 g/mol)
were purchased from Polymer Source, Inc., Canada.
Chemicals N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) and
N-Hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich, Germany and/or USA.
Ptassium Phosphate dibasic trihydrate, Sodium Phosphate dibasic dihydrate were pur-
chased from Sigma Aldrich, Germany. Sodium hydroxyte was purchased from Sigma
Aldrich, Germany. In addition, Boric acid and MES 2-(N-morpholino)ethanesulfonic acid
were purchased from Sigma Aldrich, Germany.
Biomolecules incorporated into the brushes Fibrinogen (FGN) was purchased from
Sigma Aldrich, Germany. Fibronectin Active Fragment Gly-Arg-Gly-Asp-Ser (GRGDS)
and cyclo (arg-Gly-Asp-D-Tyr-Lys; cRGDyK) was purchased from Peptides International
Inc, USA and Canada. Gly-Arg-Gly-Asp-Ser-Pro-Lys (GRGDSPK) peptide was pur-
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chased from Sigma Aldrich, Germany. Human hepatocyte growth and basic fibroblast
growth factor were purchased from Sigma Aldrich, USA and Germany respectively.
Materials related to cells culture studies Dulbeccos modified Eagles medium (DMEM),
minimal essential medium (MEM), Iscoves Modified Dulbeccos Medium (IMDM), sodium
pyruvate, non-essential amino acids, L-glutamine, ES-qualified fetal bovine serum (FBS),
certified FBS, 2-mercaptoethanol and phenylindole, diacetate (DAPI) were purchased from
Invitrogen Life Technologies (Carlsbad, CA). Phosphate-buffered saline (PBS) 10X was
purchased from Cambrex (Charles City, IA). Total mRNA isolation kit, QuantiTect Re-
verse Transcription Kit and FastStart Universal SYBR Master Mix were purchased from
Roche (Indianapolis, IN). ESGRO (leukemia inhibitory factor: LIF), fibronectin, primary
mouse embryonic fibroblasts (MEF) were obtained from Millipore (Temecula, CA). Mouse
ESC (D3) was purchased from ATCC (Manassas, VA). Primers were ordered from IDT,
Davis, CA.
8.2. Brush preparation
Probe surfaces of < 100 > Silicon (Si-Mat) with a native silicon oxide layer or cover glass
slides (VWR) were pre-cleaned with absolute ethanol in an ultrasonic bath for 15 min.
Oxygen plasma treatment followed in order to remove any unwanted residues from the
surface (i.e silica particles, dirt) and rebuilt a smooth homogeneous silicon oxide layer,
with typical thickness of 1.3 ± 0.1 nm.
The substrates were spin coated (Spin 150, SPS Coating, The Netherlands) with 100
µl of 0.02 wt % polyglycidyl methacrylate (PGMA) polymer solution in chloroform in
order to create an anchoring layer for subsequent grafting of end-functionalized polymer
chains. The spin coating parameters were: velocity; v = 2000 U/min, acceleration; a =
2500 Upm/sec, time; t = 15 sec. Afterwards, the probes were annealed at 100 ◦C for 20
min, under high vacuum.
Grafting to of PAA polymer brushes After PGMA annealing, 1 wt % solution of PAA
in ethanol was spin coated (v = 2000 u/min, a = 2000 upm/sec, t = 10 sec) on the PGMA
layer, in order to graft PAA Guiselin brushes (see figure 9.1 in chapter 9). Subsequently,
the substrate was annealed at 80 ◦C for 30 min in high vacuum oven. Optimized condi-
tions for minimum -COOH binding on the PGMA surface and maximum brush swelling
performance were chosen. Non grafted polymer was removed with absolute ethanol ex-
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traction (gentle stirring, twice for 10 min in room temperature). Mainly PAA 25 kDa was
used, and was compared to the PAA 26.5 kDa, used for previous investigations in our re-
search group (E.Bittrich and M. Ko¨nig),220,229 since it was no longer available at Polymer
Source R©. The two polymers as well as the polymer brushes grafted out of them, showed
different physicochemical and interfacial characteristics and are compared in Appendix A.
’Grafting to’ of PNIPAAm polymer brushes For the grafting of end-functionalized PNI-
PAAm, after PGMA annealing, a polymer solution consisting of monocarboxyl-PNIPAAm
(1 wt % in chloroform), was spin coated and annealed overnight at 150 ◦C under vacuum.
The COOH functionalities reacted with the available epoxy of the PGMA functionalized
surface to form ester bonds (see figure 9.1 in chapter 9). Non grafted polymer was removed
by rinsing with water, and after 4 hours stirring and dipping in ethanol, the samples were
dried with N2 flux. Different types and molecular weight of PNIPAAm were investigated
in this thesis. Particularly, mainly the PNIPAAm 42 kDa was used for the majority of
the presented investigations. Along with the particular polymer, in chapter 10 compar-
ison between brushes grafted by two different kinds of provided PNIPAAm polymers is
described.
’Grafting to’ of PNIPAAm-PAA binary brushes For the preparation of binary brushes
PNIPAAm was spin-coated and annealed at different time integrals to achieve different
PNIPAAm percentages. Annealing for 5 min at 150 ◦C resulted in presence of 20% PNI-
PAAm in the binary brush layer (20:80 brush). Annealing for 20 min resulted in 50%
(50:50 brush) whereas 6 hours resulted in 80% of PNIPAAm (80:20 brush). The annealing
temperature was kept constant at 150 ◦C. After extraction with water, a PAA polymer
solution (1 wt % in ethanol) was spin-coated onto the PNIPAAm polymer brush layer
and was annealed at 80 ◦C in a vacuum oven, for 30 min. The remaining epoxy groups of
the PGMA reacted with few COOH-groups along the PAA chain. Non-grafted PAA was
removed by extraction in absolute ethanol (stirring for 10 min; twice). Two different types
of PNIPAAm-PAA were investigated; one with PNIPAAm with C12 terminal chain-group
and one PNIPAAm w/o C12 terminal chain-group.
8.2.1. PNIPAAm brush characteristics
As already mentioned, two different types of PNIPAAm brushes were grafted to Si sub-
strates. For that, the purchased linear carboxyl-terminated PNIPAAm polymers were
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synthesize by two different techniques (by Polymer Source R©): A) the Reversible Addition-
Fragmentation chain Transfer (RAFT) polymerization, which is a form of free radical
polymerization of a substituted monomer in the presence of a suitable chain transfer
(RAFT) reagent and B) The free radical polymerization, by which a successive addition
of free radical building blocks forms the polymer,255,256 figure 8.1.
Figure 8.1.: The chemical structure of the two PNIPAAm species used to graft polymer
brushes. A. PNIPAAm synthesized by RAFT polymerization which induces
a C12 terminal chain-group at the end of each polymer chain. B. PNIPAAm
synthesized by radical polymerization; this polymer lacks the C12 terminal
chain-group. Both polymers were purchased by Polymer Source R©
Both polymerization procedures lead to the formation of PNIPAAm polymers with
low PDI and high functionality. However PNIPAAm chains produced by RAFT poly-
merization carry an additional hydrophobic terminal group that consists of a Dodecyl
trithiocarbonate (’C12 terminal group’ ). Figure 8.1 shows the chemical structure of the
two different PNIPAAm species used in order to graft polymer brushes. PNIPAAm 42
kDa, 94 kDa and 104 kDa were polymerized (purchased: Polymer Source R©) by radical
polymerization (PNIPAAm w/o C12); whereas, provided PNIPAAm 105 kDa, 135 kDa
and 178 kDa were polymerized by RAFT polymerization and therefore, posses a C12 ter-
minal chain-group (i.e. PNIPAAm w C12). The main characteristics of the PNIPAAm
polymer brushes used in this work are listed on table 8.1. Grafting density was calculated
according to equation 2.2
Table 8.1.: Characteristic parameters of all PNIPAAm homo brushes used in this thesis
POLYMER POLYMER BRUSH
PNIPAAm
brushes
PNIPAAm
Characteristics
MN
(g/mol)
PDI
Thicknessdry brush
(nm)
GraftingDensity
(nm−2)
RMS
Roughness
Rq (nm)
PN 42kDa w/o C12 42000 1.2 9.4± 0.4 0.18± 0.01 0.38
PN 94KDa w/o C12 94000 1.2 9.5± 0.3 0.08± 0.02 0.34
PN 104kDa w/o C12 104000 1.3 10.0± 0.6 0.08± 0.02 0.36
PN 105kDa w C12 105000 1.1 7.5± 0.3 0.06± 0.08 1.31
PN 135kDa w C12 135000 1.3 8.5± 0.5 0.05± 0.07 1.41
PN 178kDa w C12 178000 1.1 9.0± 0.4 0.04± 0.06 1.21
In order to estimate whether the grafted polymers are in the brush regime, the distance
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between grafting points (dg) which is related to the grafting density as σ = d
−2
g , has to
be compared to the characteristic size of the polymer chain of the same chain length in
solution (i.e radius of gyration).6,229 The tethered density could be estimated according
to:19,20
Σ = σpiR2g (8.1)
An approximation that considers the Flory radius RF , with monomer size α = 0.3 nm
in a good solvent257 is here to be considered
RF = αN
3/5 (8.2)
where N is the degree of polymerization, N = MN/M0
The above equation is in principle only valid for neutral polymers which do not specifi-
cally interact with the solvent molecules or with the neighboring monomer segments. For
PNIPAAm polymer a deviation from this ideal behavior is expected, due to the formation
of hydrogen bonds with ambient H20 molecules. Nevertheless, this approximation is fre-
quently used for estimation of PNIPAAms’ Rg.
7,258–260 For all listed PNIPAAm brushes
(table 8.1, 8.2), the distance between the grafting points was found to be much smaller
than the radius of gyration; d 2RF and therefore the grafted polymers were assumed to
be in the brush regime.257 Accordingly, the tethered grafting density was also estimated
to be Σ  5, and therefore all fabricated PNIPAAm layers were regarded as true brush
layers.
Table 8.2.: Tethered density approximation for PNIPAAm brushes
PNIPAAm
brushes
Degree of
polymerization
N
Flory radius
RF (nm)
Tethered density
Σ (nm−1)
Distance
between two
grafting points
dg (nm)
PN 42kDa 371,15 10,44 61,69 2,35
PN 94kDa 830,68 16,93 72,09 3,53
PN 104kDa 919,05 17,99 81,37 3,53
PN 105kDa 927,88 18,10 61,79 4,08
PN 135kDa 1193,00 21,04 69,55 4,47
PN 178kDa 1572,99 24,84 77,54 5,00
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Table 8.3.: Differences in polymer characteristics for two closely related PAA Guiselin
Brushes
Polymer Brush Abbreviation MN (g/mol)
Mw
MN
N dc(nm) Tg(C
◦)
Poly(acrylic acid) PAA 26.5 kDa 26.500 1.12 368 101 105
-//- PAA 25 kDa 25.000 1.16 347 237 -
8.2.2. Guiselin brush characteristics
In the table (8.3), representative values for the two PAA polymer materials used in this
thesis are listed. A detailed comparison of the physico-chemical characteristics is given in
Appendix A. Theoretical calculations on the length of a fully stretched chain dc, having
i carbon bonds per monomer unit, with a carbon to carbon (C-C) distance of a = 0.154
nm and a bond angle of γ = 109.45◦ was calculated according to:
dc = N ∗
√
i ∗ a2(1− cosγ) (8.3)
where N is the number of monomers per chain, which is here estimated as the ratio
of MN to the molecular weight of the monomer (for acrylic acid 72.06 g/mol
−1), l =√
i ∗ a2(1− cosγ) the length of the monomer unit, with i=2 for PAA polymer.
For the Guiselin brushes, where the anchoring points to the surface are more than one,
this theoretical estimated value has to be bigger than the experimentally estimated swollen
thickness of the brush in buffer media. This difference reflects the binding performance of
the Guiselin brush and will be here compared for the two different PAA brush systems.
8.2.2.1. Grafting density of Guiselin brushes; An approximation
According to Pincus et al., a theoretical approximation can be made for the calculation
of grafting points of a Guiselin brush to a surface.261 The degree of dissociation f , for
the concentration of counter ions that leads to maximum brush swelling (cH+), can be
estimated according to
f =
1
1 +
cH+
Ka
(8.4)
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where Ka the monomer dissociation constant, was obtained from the literature accord-
ing to the dissociation constant of PAA in solution.262 Consequently, the average number
of freely swelling monomers Nfree per chain was calculated from the swollen brush thick-
ness for maximum dissociation as given by h = f1/2Nα . The average grafting points
(g.p.average) of the PAA chain for each Guiselin brush is estimated as g.p.average = N/Nfree.
Nevertheless, this remains a coarse estimation, as the condition of no additional charges in
solution is not fully satisfied, due to Cl−1 co-ion presence in solution in case of maximum
dissociation. The number of monomers per chain N, was calculated according to equation
(8.3), is given on table 8.3. The grafting density for the PAA 25 kDa and PAA 26.5 kDa
Guiselin brushes was calculated according to equation (2.2), where the molecular weight
of the free Guiselin chain was estimated as MNf = MN/gpaverage.
Table 8.4 denotes all values related to grafting density for the Guiselin brushes PAA
26.5 kDa and PAA 25 kDa. The two brushes show a very different swelling performance.
At pH 7.4, where both brushes are fully dissociated, the swelling ratio of PAA 26.5 kDa is
much smaller than the swelling ratio of PAA 25 kDa (swelling ratio 5.7 vs 9.2 respectively)
which indicates stronger grafting to Si surface of the first Guiselin brush. The average
number of grafting points to the surface was found to be more than two times bigger for
the brush PAA 26.5 kDa. Hereinafter, the PAA 25 kDa was grafted in smaller grafting
densities (σ) than the PAA 26.5 kDa and comparable σ to the end grafted chain which
was found to be σPtBA = 0.35nm
−2 (grafted PtBA of 24 kDa). The swelling performance
of the pseudo-Guiselin brushes presented here is comparable to the end-tethered real PAA
brushes (i.e. swelling ratio = 10 ± 2 for PAA 25kDa mostly used throughout this thesis).
Therefore, this surface tethered PAA polymer will be from now on called as ’Guiselin
polymer brush’.
It can be concluded that the ease of the grafting-to procedure, a high swelling perfor-
mance and minimum amount of grafting points, makes this particular polymer brush a
very interesting surface coating material. A further investigation of the intrinsic polymer
structure and physicochemical surface properties of these brushes will give a deeper insight
to the systems’ characteristics.
8.2.3. Binary brush characteristics
Figure 8.2 shows the grafting series of PNIPAAm and PNIPAAm-PAA brushes. The
difference in grafting densities was achieved by different annealing times of the PNIPAAm
polymer. Different annealing times resulted in different grafting densities of the polymer
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Table 8.4.: Average number of grafting points and Guiselin brush grafting density
Polymer Brush Nfree ddry (nm) dswollen (nm) g.p.average MNf σGuiselin (nm
−2)
PAA 26.5 kDa 139 5.4 31 2.65 10000 0.45
PAA 25 kDa 328 7.9 73 1.05 23809 0.28
that was first annealed at the surface (i.e. PNIPAAm in each case). As can been seen from
the slope of both curves, as the grafting density of the first spin coated polymer increases,
the amount of the second spin coated polymer decreases. Nevertheless, even after the
0.18 nm−2 PNIPAAm grafting density, which was achieved after over night annealing
of PNIPAAm, there were still some non-reacted PGMA surface spots to react with the
Guiselin PAA brush. In order to reach surface binding saturation for PNIPAAm brushes,
one has to try even higher annealing times and/or slightly higher annealing temperatures.
Figure 8.2.: Grafting series of PNIPAAm-PAA binary brushes. The molecular weight of
the components was PNIPAAm 42 kDa and PAA 25 kDa respectively
There are two different ways to calculate the composition of mixed brushes. According
to the first one,263 for the ellipsometric modeling the first two layers of the modified
with PGMA, Si surface are considered as one common layer with uniform refractive index
according to
dSiO2|PGMA = dSiO2 + dPGMA (8.5)
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and
nSiO2|PGMA =
dSiO2 ∗ nSiO2
dSiO2|PGMA
+
dPGMA ∗ nPGMA
dSiO2|PGMA
(8.6)
where nSiO2 = 1.4598 and nPGMA= 1.5250, whereas dSiO2 and dPGMA are ellipsometri-
caly estimated values. Consequently, the layer thickness of a first brush layer (box model)
is measured by ellipsometry and the refractive index is kept constant (e.g. nPNIPAAm =
1,499). After the introduction of the second polymer component in the binary brush, a
third layer is introduced on top, again in a box model configuration. The layer thickness is
estimated by ellipsometry and the refractive index is kept constant (e.g. nPAA = 1.522).
The total thickness of the binary brush is the sum of the first polymer component, plus
the second polymer component. The percentage (%) of each component is calculated with
respect to the total thickness and is given as a ratio analogy. For this calculation, a nec-
essary approximation is made in order to model the layer composition. In particular, the
second polymer component is here considered to form a top layer, rather than the most
probable case, which is the penetration through the first layer and the covalent binding of
the functional groups of the second component to the underlying surface. In reality, the
two components are grafted next to each other and form an intermixed polymer layer with
one common refractive index. Nevertheless, this method is considered to be reasonable
and is fairly used for the estimation of polymer ratio in binary brush systems.6,22,263
According to the second approximation, the top binary brush layer is considered to
be one, combined PNIPAA-PAA layer, and the refractive index is fixed (e.g. for the
PNIPAAm-PAA binary brush n= 1.499). In this case the percentage of the first component
is calculated with respect to the maximum possible thickness outcome of the same polymer
for a homo-brush (100 % PNIPAAm). Both approximations lead to closely related ratio
values and thereafter are considered to be equally reasonable.
The general characteristics of binary polymer brushes used in this thesis are summarized
on table 8.5
8.3. Polymer brush swelling experiments
In situ measurements were performed at 70◦ angle of incidence, for the optical wave length
from 400 nm to 800 nm, by a spectroscopic ellipsometer (M44, Woollam Co., Inc.). The
wavelength range was kept minimum in order to avoid errors due to absorption in the
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Table 8.5.: Characteristic parameters of all PNIPAAm-PAA binary brushes used in this
thesis
Binary-brushes
Characteristics
of PNIPAAm
Polymer
Ratio
Dry
Thickness
d (nm)
Grafting
Density of PNIPAAm
(nm−2)
RMS
Roughness
Sq (nm)
PN 42kDa - PAA w/o C12 20:80 7.1 ± 0.3 0.03 ± 0.01 0.39
PN 42kDa - PAA w/o C12 50:50 8.5 ± 0.7 0.09 ± 0.04 1.68
PN 42kDa - PAA w/o C12 80:20 12.5 ± 0.4 0.14 ± 0.02 0.85
PN 105kDa - PAA w C12 20:80 8.3 ± 0.5 0,012 ± 0.02 2.91
PN 105kDa - PAA w C12 50:50 8.7 ± 0.6 0,050 ± 0.04 2.74
PN 105kDa - PAA w C12 80:20 10.3 ± 0.3 0,110 ± 0.01 2.48
aqueous buffer solution. During the ellipsometric measurements, data ∆ (relative phase
shift) and tanΨ (relative amplitude ratio) upon reflection of the brush coated silicon
wafers, were recorded. During in situ measurements the brush-modified Si wafers were
emerged into solution in the quartz batch cuvette (volume 4 ml) (TSL Spectrosil, Hellma,
Muellheim, Germany). To ensure measurement on one single wafer spot and an isolated
from the environment system, wafers were stabilized with a home made (IPF Leibniz,
Dresden) teflon covering, having a liquid ejection void.
The assessment of the thickness d (nm) and refractive index (n) of the swollen polymer
brush samples, was based on a multilayer-box-model consisting of silicon, silicon dioxide,
anchoring layer PGMA, a mixed brush-buffer layer, and ambient aqueous layer that sur-
rounded the polymer brush, see section 5.1.3. A mathematical computing based on Fresnel
equations 5.3, 5.4 and the basic equation of ellipsometry 5.6 was performed in order to
relate the measured ellipsometric data to the layer parameters d (nm) and n, which were
modeled by the comparison of calculated ∆ and tanΨ values to the measured data. The
difference between the measured to the calculated data appears as the mean square error,
which within our measurements was kept minimum (0.2 ≤ MSE ≤ 3.5). The optical
constants for the discrete layers of Si, SiO2, were taken from the literature,
264 whereas the
refractive index of PGMA in the visible light range was set to 1.525.265
pH dependent swelling For the pH dependent swelling experiments, 4 ml of buffer
solution was subsequently exchanged in the batch cuvette starting from pH 3 to pH 5
with sodium acetate CNa+ = 0.01 M, continuing with sodium phosphate CNa+ = 0.01 M,
for the basic conditions from pH 6 to pH 8. To ensure dynamic equilibrium of swelling
the brush was let to swell in each buffer solution for 15 min prior to every ellipsometric
measurement.
Salt dependent swelling The salt dependent swelling experiments were performed in
stable pH 7.4 which resembles the pH value of PBS buffer, since the analysis of the brush
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systems was mainly focused on physiological conditions. The ionic strength was adjusted
with an increasing concentration of NaCl in sodium phosphate solution, and the total vol-
ume of 4 ml in the batch cuvette was each time completely exchanged to a new solution
of higher salt context. Respectively, the brush layer was let to reach equilibrium for 10
min before measurement.
Temperature dependent swelling For the in situ SE monitoring of the temperature-
dependent swelling/deswelling of the polymer brushes, the temperature of the quartz
cuvette was adjusted by a home-built heating stage, equipped with test-Point software
and the actual temperature at the brush surface was thermostatically controlled. Heat-
ing and cooling cycles for each sample were performed between 15 ◦C and 40 ◦C with a
heating/cooling rate of 0.2 ◦C s−1.
8.4. FGN Protein Adsorption on brushes
Prior to FGN adsorption the brush was let to swell in PBS buffer for 10 min. Adsorption
of 0.25 mg/ml FGN solution in PBS was performed for 16 h either at 25 ◦C or at 37
◦C. After thorough washing with PBS buffer, the FGN-modified brushes were dipped
into a 70◦ quartz cuvette. The ellipsometric angles and tanΨ and ∆ were monitored in
situ, and were compared to the ones of the swollen brush layer. In case of 37 ◦C FGN
adsorption, the brush samples were washed with 37 ◦C warm buffer and therefore kept in
collapsed conformation before and after FGN adsorption. As for the swelling/deswelling
experiments, during the measurement of the FGN modified brush layer, the temperature
was controlled by a home-built heating stage coupled to a thermostat. The experiments
of FGN adsorption on PAA brushes (i.e. isotherm and pH-dependent FGN adsorption)
were performed for two hours in the quartz cuvette and the kinetics of adsorption were
accordingly monitored. In order to estimate the adsorbed FGN amount on the brushes,
the modified by Xue et al. de Feijter equation was used.7 The details about the modeling
were previously described, see section 5.1.3.
8.5. RGD physi- and chemisorption on brushes
8.5.0.1. Immobilization chamber
For the physical and chemical adsorption of peptides (RGDs) and growth factors (GFs)
on the brushes, a home-built immobilization chamber designed by Dr. U. Ko¨nig266 was
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used, figure 8.3. There are two advantages of using the particular immobilization method;
i) the volume of the expensive biomolecule solution gets minimized (here, only 1 ml to
200 µl) and ii) most importantly, the brush area where the biomolecule gets adsorbed is
defined by the diameter of the rubber - holder ring, shown in red in figure 8.3 .
Figure 8.3.: Schematic presentation of the immobilization chamber. (a) Vertical intersec-
tion, (b) Top view; on the lower right corner the rubber holder rings (in red)
with defined diameter, as well as the Si wafer samples (silver squares) are
shown. The graphic design as well as the construction was performed by V.
Ko¨rber, IPF.
The present protocol was optimized by series of ATR-FTIR experiments and the results
are discussed in section 11.1.1. The reaction scheme as well as the possible byproducts are
discussed in detail section 11.1.1, figure 11.3. According to the optimized results, polymer
brush modified Si wafers or glass slides were functionalized with GRGDS or GRGDSPK
or cRGDyK (i.e. RGDs) by two different procedures: physical adsorption (physisorption)
and covalent binding (chemisorption) of the RGDs. Prior to RGDs addition, the polymer
brush substrates were let to swell in respected buffer solution (PBS for the upcoming
physisorption or MES for the upcoming chemisorption) for 15 min at room temperature,
to ensure swelling equilibrium of the polymer brush. For the physisorption, a 0.025, 0.05,
0.1, 0.5 or 1.0 mg/ml RGDs dissolved in PBS buffer was added to the brush substrates
and let adsorb over night at room temperature. In case of chemisorption, prior to RGDs
addition, brushes were reacted with EDC/NHS solution of 0.25/0.1 mg/ml in MES buffer;
pH 6.0, 100 mM. In particular, brushes were dipped in EDC-NHS and were stirred for
40 min in order to fully activate the COOH groups of PAA to NHS ester. Subsequently,
a 0.025, 0.05, 0.1, 0.5 or 1.0 mg/ml RGDs solution in Borate buffer; pH 8.0, 100 mM,
was added to the activated PAA brush substrates. After the overnight reaction, the
peptide solution was removed by aspiration and the RGDs modified brushes were washed
three times in PBS buffer (stirring for 10 min each time). The same exact procedure
was used for RGDs - modification of PNIPAAm-PAA binary brushes. For further cell
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culture experiments the modified RGDs-brush samples were kept cool in the 4 ◦C until
the performance of the next experimental series.
8.6. Growth factor physi- and chemisorption on brushes
The immobilization protocol used for RGDs -brush functionalization was followed as well,
in order to immobilize GFs on PAA and PNIPAAm-PAA brushes. The only difference
here was the incorporated GFs concentrations which were much lower (µg/ml instead of
mg/ml), since high GF amounts are cytotoxic. Briefly, after brush swelling (PBS for the
upcoming physisorption, MES for the upcoming chemisorption) for the physisorption, of
a 0.1, 0.5 or 1.0 µg/ml HGF or bFGF dissolved in PBS was added to the brush substrates
and let adsorb over night at room temperature. In case of chemisorption, prior to HGF
addition, brushes were reacted with EDC/NHS solution of 0.25/0.1 mg/ml in MES buffer;
pH 6.0, 100 mM. Subsequently, a 0.1, 0.5 or 1.0 µg/ml HGF or bFGF solution in Borate
buffer; pH 8.0, 100 mM, was added to the activated polymer brush substrates. After the
overnight reaction, the GF solution was removed by aspiration and the HGF and/or bFGF
modified brushes were washed three times in PBS buffer (stirring for 10 min each time).
Adsorption and release of the GFs was analysed with ELISA assay described in paragraph
6.2.
8.7. Cell culture experiments
HepG2 cell culture General cell culture protocol was kindly provided by Dr. Yuichiro
Ueda
Prior to cell culture, PAA brush surfaces were functionalized by physisorption or chemisorp-
tion of HGF. Human hepatocellular carcinoma (HepG2) cells were maintained in Dul-
becco’s modified Eagle’s medium and in a humidified atmosphere of 5 % CO2, 95 % air at
37 ◦C. The cell culture medium was supplemented with 10% (v/v) fetal calf serum (Fetal
Bovine Serum, FBS), 100 U/ml penicillin, 100 µg/ml streptomycin. For cell seeding ex-
periments, the brush-modified glass slides were placed into wells of conventional 24-well
plates, and incubated in cell-culture media for at least 3 hours prior to cell seeding. Subse-
quently, HepG2 cells were seeded in culture medium at a concentration of 100,000 cells/ml
overnight at 37 ◦C (0.5 ml cell suspension per well of 24-well plate). After over night in-
cubation surfaces were washed twice with PBS and the medium containing unattached
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cells was removed. HepG2 cells were cultured for 7 days on brush modified surfaces as
well as in TCPS wells as control. For several reference samples labeled ’soluble HGF’
or ’HGF in media’ the growth factor was added to the cell culture medium instead of
being immobilized on the brush, in the indicated concentrations of 10, 25 or 50 ng/mL.
For cell attachment, morphology, scattering and proliferation studies cells were observed,
photo-graphed and counted using a bright-field Zeiss microscope. For all assays sample
number was n=3.
mESC cell culture Mouse embryonic stem cells (mESCs) were expanded by cultivating
on growth-arrested murine embryonic fibroblast (MEF) feeder cells in gelatin-coated tissue
culture plates at 37 ◦C and 5% CO2 (95 % air) . The culture medium consisted of DMEM
supplemented with 15% ES-qualified FBS, 200 U/mL penicillin, 200 mg/mL streptomycin,
2 mM L-glutamine, 1 mM non-essential amino acids, 100 nM 2-mercaptoethanol, and 1000
U/mL LIF. Prior to cell culture, PAA brush surfaces were functionalized by physisorp-
tion or chemisorption of bFGF. The cell seeding was carried out by incubating D3 cell
suspension with the brush or control samples in 24-well plates in culture medium at a con-
centration of 100.000 cells/mL. After overnight incubation at 37 ◦C, unattached cells were
removed by washing with warm PBS. Stem cell samples for differentiation purposes were
maintained on brushes with immobilized bFGF (physi- or chemisorped) or with soluble
25 ng/ml bFGF in media. Differentiation medium consisted of DMEM/F12 supplemented
with 1% FBS for the first 3 days replaced then B27 supplement for the last 3 days, 200
U/mL penicillin, 200 mg/mL streptomycin, 1 mM non-essential amino acids, 50 ng/ml
Activin A. Control samples were seeded on fibronectin-incubated TCPS since that is the
standard for mESC differentiation. Similarly to HepG2 cell line, cell attachment and mor-
phology studies cells were analyzed using a brightfield Zeiss microscope. For all assays
sample number was n=3.
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9. Polymer brush preparation
Polymer brushes were successfully grafted to silicon or glass surfaces depending on the de-
mands of further investigations. As discussed in chapter 8, the grafting to procedure was
based on already established protocol,267 used to prepare polymer brushes out of various
polymers and compositions. Here, two polymer materials were used to prepare homo- and
binary polymer brushes: The poly(acrylic acid) PAA and the poly(N-isopropylacrylamide)
PNIPAAm. The two polymers were combined in different ratios in order to graft binary
brushes with particular response to external stimuli (i.e. temperature and pH).
The presented polymers of this chapter; PNIPAAm with molecular weight 42 kDa and
PAA with molecular weight 25 kDa were exclusively used for the preparation of the RGDs
and GFs biomodified layers presented in chapters 11 and 12. However, in chapter 10
various PNIPAAm polymer types having different molecular weights were used in order
to graft polymer brushes, and their surface characteristics are therein discussed in detail.
9.1. ’Grafting to’ of polymer brushes
Initially Si or glass slide surfaces, were cleaned and activated by oxygen plasma in order
to obtain highly reactive and homogeneous SiO2 or silanol layer. In a second surface mod-
ification step, an intermediate polymer layer; the poly(glycidyl methacrylate)PGMA was
grafted on the surface. The reaction of the epoxy groups of PGMA to the silanol groups
of the silicon oxide layer, led to the formation of several ether groups, homogeneously
distributed along the surface, figure 9.1. The remaining epoxy groups of this layer were
the active reaction points for the next grafting step, figure 9.1.
Subsequently, the polymer component for the grafting of homo-brushes (PNIPAAm or
PAA) was spin coated on the surface and annealed at the appropriate temperature, figure
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9.1. For the formation of binary brushes, PNIPAAm material was grafted first, at various
time integrals, in order to achieve different polymer ratios on the brush layer. The PAA
component was subsequently grafted repeating the procedure used for grafting of homo
PAA brushes. For further details on the grafting procedure, as well as the characteristic
parameters the reader should refer in chapter 8, see tables 8.1, 8.2, 8.3, 8.4 and 8.5
Figure 9.1.: Reaction scheme of the ’grafting to’ procedure of polymer brushes on model
Si substrate. A first layer of an underlying reactive polymer (PGMA), forms
ether bonds to the silanol groups of the surface. At a second reaction step,
the remaining epoxy groups are reacting with carboxyl groups of the annealed
polymer. The incorporated PNIPAAm polymer is COOH end-funstionalized,
so that only one chain end reacts with the surface. In case of PAA, a Guiselin
brush is formed, with characteristic ’loops’ and ’tails’ that stretch away from
the interface, with very few anchoring points 1 < m < 2.
9.2. Surface characteristics after brush preparation
The surface morphology, after fabrication of polymer brushes on Si wafers, was monitored
by AFM microscopy. The AFM analysis elucidated the lateral homogeneity as well as the
surface roughness on the polymer brush layers. Figure 9.2 shows the AFM height and
phase images for the homo- and binary brushes that were mainly used throughout this
thesis. All brushes were homogeneously distributed along the surface, and the surface
roughness was as expected very low: RMS < 1 nm for all PNIPAAm 42 kDa, PAA 25
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Figure 9.2.: AFM height and phase images of homo- and binary polymer brushes. (a)
PAA 25 kDa, (b) PNIPAAm 42 kDa, PN-PAA 20:80, PN-PAA 50:50, PN-
PAA 80:20
Table 9.1.: Characteristics of dry and swollen brush layers estimated by VIS-SE
Polymer Brush
composition
Dry brush
(25 ◦C)
Swollen in PBS
(25 ◦C) (25 ◦C)
Swollen in PBS
(37 ◦C) (37 ◦C)
d (nm) d (nm) n d (nm) n
PAA (25 kDa) 7.5 ± 0.5 75.0 ± 7.2 1.354 ± 0.023 75.7 ± 6.1 1.353 ± 0.018
PNIPAAm (42 kDa) 9.0 ± 0.5 30.0 ± 5.6 1.382 ± 0.046 8.3 ± 1.2 1.499 (fixed)
PN-PAA 20:80 7.1 ± 0.5 70.0 ± 6.1 1.358 ± 0.041 82.9 ± 7.3 1.358 ± 0.015
PN-PAA 50:50 8.5 ± 1.0 67.0 ± 4.9 1.357 ± 0.025 54.4 ± 5.3 1.362 ± 0.020
PN-PAA 80:20 12.5 ± 0.8 64.0 ± 4.8 1.356 ± 0.036 38.8 ± 3.6 1.373 ± 0.019
kDa and binary brushes, except of the PN-PAA 50:50 ratio were RMS > 1 nm. As it can
be seen, no particular structures or domains were formed in any of the homo- (fig. 9.2
a,b) or binary brushes (fig 9.2 c-e). The surface roughness of all images are summarized
in tables 8.1 and 8.5.
Table 9.1 and 9.2 give a summary of the experimentally investigated characteristics
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of the homo and binary polymer brushes, mainly used throughout this thesis (chapter 11
and 12). The listed swelling experimental values were analyzed in physiological conditions,
which were the ’applied’ prerequisite for further biomodification and cell culture experi-
ments. Further detailed analysis on the brush dynamic swelling, in dependency to external
stimuli (pH, salt, temperature) is given in Apendix A for the PAA homo brushes, as well as
in chapter 10 for PNIPAAm and PNIPAAm-PAA brushes. RMS swollen values are listed
with the kind permission of Mr. Andreas Janke.268 The grafting density of all layers, as
well as the roughness of the dry brush layers were previously listed in the experimental
section in tables 8.1 and 8.5. The in situ measured roughness for the swollen brush layers
is highly dependent on temperature. At 25◦ C swollen PAA is rough, whereas at 40◦ C
smooths out due to thermal motion of the chains. The opposite is observed for PNIPAAm
layer. The swollen PNIPAAm brush is very smooth at 25◦ C and after transition through
the LCST it increases its surface roughness. Interestingly, the binary brush with higher
PAA context is more rough at higher temperature (compared to roughness at 25◦ C) and
the binary brush with higher PNIPAAm context is smoother at higher temperature. This
behavior denotes an inter-correlated swelling and deswelling of the binary brush layers.6
Table 9.2.: Temperature dependent surface characteristics of swollen brush layers
Polymer Brush
composition
Isoelectric Point
IEP
contact angle
(25 ◦C) (37 ◦C)
RMS (nm) swollen brush layers
(25 ◦C)
in H2O
(40 ◦C)
PAA (25 kDa) 3.2 69.3 63.4 3.18 0.31
PNIPAAm (42 kDa) 4.2 69.4 83.7 0.64 1.19
PN-PAA 20:80 3.3 66.7 71.1 3.22 4.21
PN-PAA 50:50 3.4 68.6 75.2 - -
PN-PAA 80:20 3.3 72.6 75.3 2.44 0.91
Isoelectric point values were estimated by streaming potential measurements at 23 ◦C.
Temperature dependent contact angle was performed by ARCA sessile, pendant drop
measurements. Detailed analysis of the particular experiments is given in chapter 10
where the listed above materials are compared with materials containing a nanometer-size
hydrophobic part on the polymer chain end.
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brushes; impact on FGN adsorption
10.0.0.2. Objectives
The main interest in this thesis part was the dynamic adjustment of polymer brush-protein
interactions, by minimum changes in the chemical composition of the nanostructured in-
terafaces, along with the regulation and/or amplification of the stimuli responsive protein
adsorption. The introduction of sub-nanometer sized hydrophobic domain was expected to
affect both the surface characteristics and surface-protein affinity. Detailed studies on fib-
rinogen (FGN) protein adsorption were performed in stimuli responsive manner on homo-
and binary PNIPAAm-PAA brushes. The development of a sophisticated nanostructured
surface coating, that would retain its overall hydrophilicity, and under certain conditions,
would enable stimuli responsive adsorption of water soluble protein molecules is of great
applied biotechnological interest, and therefore was here investigated.
On the first part of this chapter, the investigation on the difference in intrinsic properties
and interfacial interactions of carboxyl-terminated (monoCOOH-)PNIPAAm that carries
a C12 terminal group (denoted as PNIPAAm w C12 ) and a monoCOOH-PNIPAAm that
lacks the C12 domain (denoted as PNIPAAm w/o C12 ) is presented (see chemical formula
in figure 8.1). The interfacial properties of the homo- PAA and PNIPAAm brushes, as well
as the PNIPAAm-PAA binary brushes with various polymer ratios were investigated, with
emphasis in the LCST behavior of the polymer brushes. Here, both polymer brushes were
compared with respect to structural surface characteristics. On the second chapter part, a
detailed analysis of FGN adsorption on polymer brushes is given. At first, a pH dependent
protein adsorption on PAA brushes is discussed. The FGN adsorption isotherm as well
as the salt dependent FGN−PAA affinity is illustrated. Finally, the stimuli responsive
FGN adsorption on binary PNIPAAm-PAA brushes with or without C12 domain is being
demonstrated.
Figure 10.1 illustrates the basic steps of the surface modification with polymer brushes
82
10. Structurally different PNIPAAm-PAA brushes; impact on FGN adsorption
by grafting to method, and the subsequent temperature-responsive FGN protein adsorp-
tion. The figure summarizes the composition of homo- and binary PNIPAAm brushes out
of the two structurally different PNIPAAm polymers and highlights the most interesting
stimuli responsive surface composition; that of PNIPAAm-PAA 80:20 polymer ratio, which
shows an ’on-off’ FGN adsorption by switching from 25 ◦C to physiological temperature.
Figure 10.1.: Illustration of the scope of this thesis chapter: A to D stepwise explanation
of the grafting to method for the preparation of the binary brush system
PNIPAAm-PAA using two different PNIPAAm species; E subsequent inves-
tigation of the stimuli sensitive fibrinogen adsorption onto all homo- and
binary polymer brush compositions
Part of the text and the figures of this chapter were adapted with kind permission from
Psarra et al. March 2015. Copyright; ACS journal articles c©.268
10.1. Surface characterization of homo and binary brushes
In order to closely study the physicochemical properties and further understand the brush-
protein interactions, a detailed analysis of the brush surface characteristics was performed
via VIS-SE, dynamic contact angle, and streaming potential measurements, and the results
are hereby presented.
VIS−SE: Analysis of LCST behavior The temperature dependent swelling behavior
of polymer brushes was analyzed by means of spectroscopic ellipsometry in the visible
spectral range. Figure 10.2 shows VIS-SE data, modeled with Cauchy dispersion, that
relate changes in the swollen brush thickness and refractive index to the temperature. Plots
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(a) and (b) compare the temperature sensitive swelling of PNIPAAm brushes w/o and w
C12 as well as the complex swelling of the respective PNIPAAm−PAA binary brushes. On
the left, the brush thickness changes are shown (figure 10.2 a1,b1) whereas, on the right
hand site, the corresponding refractive index values are given (figure 10.2 a2, b2), with d
and n showing a juxtaposed analogy in every case. The LCST behavior was investigated
for PNIPAAm homo brushes, w and w/o C12, of three different grafting densities (i.e
different MN of PNIPAAm polymer), and the results are given in the Appendix B, figure
B.2. Comparing three molecular weights of both PNIPAAm species, a lower swelling
ratio for the brush layer with the lower grafting density (i.e. lower MN ), was observed.
Moreover, a slight LCST shift by about ∼ 0.2 ◦C to lower temperatures for lower grafting
densities was detected, as reported in previous investigations in the literature.38,259
Figure 10.2.: LCST transition of polymer brushes. Swollen brush thickness (a1) and re-
fractive index (a2) of PN42−PAA brushes w/o C12 are compared to swollen
brush thickness (b1) and refractive index (b2) of PN105−PAA brushes w
C12. The temperature depended swelling was performed in PBS buffer and
representative refractive index is shown at λ=631.5 nm.
In contrast to sharp LCST transition of PNIPAAm in solution, which occurs within 1 ◦C
to 2 ◦C, grafted PNIPAAm exhibits a broader transition due to the confinement in brush
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geometry and essential inter− and intra−chain interactions.42,269 Accordingly, polymer
brushes depicted in figure 10.2, show a first slow deswelling between 15 ◦C and 27 ◦C,
followed by a collapse between 28 ◦C and 30 ◦C. There is a pronounced difference in the
LCST behavior between the PNIPAAm brushes w/o C12 (figure 10.2 1, a) and the brushes
w C12 terminal group (figure 10.2 1, b). That is, the relatively sharp collapse of PNIPAAm
chains without C12 between 28 ◦C and 30 ◦C compared to the smooth transition of
PNIPAAm chains for the broader temperature range from 15 ◦C to 29 ◦C. In addition,
the LCST was found to be 1 ◦C lesser for the PNIPAAm w C12 (LCSTPNIPAAmwC12 = 29
◦C and LCSTPNIPAAmw/oC12 = 30
◦C). When the PNIPAAm brushes w/o C12 surpass
the LCST threshold, collapse sharply to the globular state, giving the impression of a
10−20 nm ’jump’ from the one conformational state (stretched) to the other (collapsed).
On the other hand, PNIPAAm with the C12 terminal group, changes smoothly from one
conformational state into the other, starting from low temperatures to decrease its swollen
thickness. The slope of the curve, which represents the phase transition rate, from 25 ◦C to
30 ◦C is tanθPN42k = 5,42 for the PNIPAAm w/o C12 and noticeably smaller is tanθPN105k
= 1.33 for the PNIPAAm w C12. Both brush types approach a minimum thickness close
to the LCST and then again start slowly to increase in swollen thickness, due to thermal
motion of the chains. For PNIPAAm-PAA binary brushes a decrease in temperature
sensitive changes of n and d was generally observed with increase of PAA percentage in
the layer. The recorded LCST transition for the PN42−PAA w/o C12 (figure 10.2, a)
was evidently stronger in comparison to the binary brushes composed of PNIPAAm w
C12 (figure 10.2, b). In particular, the difference in magnitude of brush layer parameters
at low and high temperature was ∼76% for the PN42−PAA 80:20 brush, ∼30% for the
PN42-PAA 50:50 and only ∼3% for the PN42-PAA 20:80 brush (w/o C12); whereas, for
brushes w C12 was ∼47% for the PN105−PAA 80:20 brush, ∼20% for the PN105-PAA
50:50 and ∼13% for the PN105-PAA 20:80 brush (w C12); percentage compared to the n
and d change of according homo- PNIPAAm brush respectively. Conversely, homo- PAA
brush increased in thickness (n only slightly decreased), with temperature increase due to
thermal motion of PAA chains.
Temperature dependent contact angle The investigation of surface wettability of homo
and binary PNIPAAm polymer brushes without and with hydrophobic functional C12
terminal group was performed in temperature dependent manner by dynamic contact angle
analysis. The measurements were carried out in air, in an isolated from the environment
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chamber, coupled to a thermostat. The brush layers were let to swell in millipore water
overnight, in order to ensure layer equilibrium. During each measurement, the temperature
was changed from 20 ◦C to 44 ◦C in increasing intervals of 2 ◦C.
In figure 10.3 the advancing water contact angle results, of homo− PNIPAAm and binary
PNIPAAm−PAA brushes are shown. Figure 10.3a shows the results for the brushes w/o
C12, whereas in figure 10.3b the results for the brushes with C12 are given. For all
PNIPAAm containing brushes a tendency towards higher hydrophobic advancing contact
angles upon temperature increase was observed. In the contrary, PAA brushes showed
lower contact angles with temperature increase. This was also proved by temperature
dependentin situ AFM studies. It was observed that at high temperatures the surface
roughness was lower (see table 9.2). Thus, thermal motion of the PAA chains resulted in
smoother interface and increased hydrophilicity.
Figure 10.3.: Temperature dependent advancing water contact angle. Comparison of PAA
homopolymer to PNIPAAm homopolymer and respected PNIPAAm-PAA
binary brushes; (a) PNIPAAm 42 kDa, w/o C12 and PN42−PAA with 20:80,
50:50, 80:20 ratio; (b) PNIPAAm 105 kDa, w C12 and PN105−PAA with
20:80, 50:50, 80:20 ratio
In case of homo− PNIPAAm brushes, additional investigation of the effect of PNI-
PAAms’ MN was performed and is given in the Appendix B (figure B.3); whereas, two
representative examples of PN 42kDa (w/o C12) and PN 105 kDa (w C12) are presented
in figure 10.3a and b respectively. In agreement to previous investigations,270 the ad-
vancing water contact angle increased with increasing PNIPAAm molecular weight MN ,
for both PNIPAAm species. Generally, the transition through LCST, changes the inter-
facial wettability of PNIPAAm. Below LCST the polymer chains strongly interact with
water molecules through hydrogen bonding leading to a stretched chain conformation
in solution and therefore, showing a hydrophilic behavior. Above LCST the PNIPAAm
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chains dewet and adopt a collapsed conformation; hence, the brush layer shows a more
hydrophobic identity with greater contact angles. Still, the transition from hydrophilic to
more hydrophobic values occurs in small increasing ratios which is in general agreement
with previously reported values for PNIPAAm thin films.271 According to Pelton et al.,
above LCTS solute-isopropyl group interactions are energetically unfavorable compared
to inter−polymer interactions and thereafter, the contact angle to water increases. Yet,
PNIPAAm does never adapt a clearly hydrophobic character, when surrounded by water
ambient.258,272
The temperature sensitivity of the binary PNIPAA-PAA brushes was decreased with
increasing PAA context. As previously discussed,6,22,273 the PNIPAAm-PAA advancing
contact angle resembles mainly PNIPAAms’ behavior, and it was thus found to be indepen-
dent to pH changes. Analogously, the temperature sensitivity was found to be dominant
for the advancing contact angle of all binary brush ratios as shown in figure 10.3.
Some general differences were observed between the thermoresponsive PNIPAAm brushes
without and with C12 (figure 10.3 a and b respectively). At a first glance, the PNIPAAm
brushes with C12 have proven to be more hydrophobic for the whole temperature range.
The increase in hydrophobicity was found to be relatively linear and smooth for the brushes
without C12; whereas, for brushes with C12 the advancing contact angle increased slower
and reached a plateau after the LCST transition. This particular wettability performance
is attributed to the changes of the chemical state of the PNIPAAm polymer chains, result-
ing from the presence of the hydrophobic terminal group and the molecular distribution
of the polymer chains under temperature stimuli.
One major limitation of the temperature dependent ARCA measurements for these
highly water swollen systems, is the inaccuracy of the advancing contact angle for high
temperatures due to the stick−split behavior of the brush at temperatures higher than
28 ◦ C. This phenomenon has been explained by the theory of a ’two component system’
which basically implicates molecular−thermal inhomogeneity in the brush structure. In
particular, Kanamaru et. al speculated temperature differences between the very top layer,
which is in contact with the droplet and is generally cooler, to the bottom molecular layer,
which is in contact with the supporting heating plate.274 This temperature differences
might also cause certain changes in motility of polymeric chains, as well as in the dynamics
of water and vapor penetration inside the brush. Another limitation of the Dynamic
Sessile-drop technique is the inability of receding contact angle estimation, because of the
high water adsorption content on the polymer brushes. Further captive bubble experiments
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on the presented brush systems, are currently carried out, and will be discussed in future
published works.
Streaming potential analysis Further investigation on the surface properties of the de-
scribed homo and binary PNIPAAm polymer brushes was performed by streaming poten-
tial measurements, which aimed on zeta potential determination at the pH range from
pH 3 to pH 11. The zeta potential reveals information about the surface charge at a
solid/liquid interface and is also a powerful indicator of chemical surface composition.
Moreover, molecular and ionic adsorption processes from the ambient media can be dis-
cussed in terms of zeta potential analysis.
Figure 10.4 shows three graphics depicting the comparison between PNIPAAm without
C12 terminal group (42 kDa) and PNIPAAm with C12 terminal group (105 kDa) (figure
10.4 a, at 25 ◦C and 40 ◦C) and their binary PNIPAAm−PAA brushes (figure 10.4 b, c
at 25 ◦C) respectively.
All PNIPAAm homopolymer brushes independent on the C12 terminal group and molec-
ular weight MN (data not shown) have an isoelectric point around pHIEP ∼ 4.2 at 25 ◦C.
For a nonpolar surface with no dissociated groups, zeta potential values vary with the pH
due to ion adsorption on the interface. In principle, at pH > IEP preferential adsorption
of hydroxide ions (OH−) or Cl− occur; whereas, at pH < IEP the preferential adsorption
of hydronium ions (H3O+) or cations is taking place. According to previously published
data, hydrophobic materials possess a negative surface charge in neutral and alkaline so-
lutions and isoelectric points close to pH 4.0.275,276 It was discussed that hydroxide and
hydronium ions preferentially adsorb on hydrophobic interfaces, even in the presence of
electrolyte ions. Especially, at neutral and alkaline pH, hydroxide ion adsorption was
found to be the most prominent. At pH values below 4.0, hydronium ion adsorption is
preferred.277 The zeta potential curves for both PNIPAAm homopolymer brushes 42 kDa
and 105 kDa appear with a ’flat shape’ which is indicative for highly swollen layers with
no dissociable groups. In particular, the influence of the swelling process of a thin polymer
layer on the electrokinetic properties can be discussed, since the high water uptake occurs
simultaneously with the ion adsorption process. It has been proved that, the formation of
a strongly oriented layer of water molecules at hydrophobic solid surfaces, is modulated
by the hydration of the electrolyte ions.277 According to Kanamaru et al. the zeta po-
tential of swollen surfaces decreases with increasing adsorption of water, since the ions in
the double layer are replaced by the water molecules.274 Taken together, there were no
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Figure 10.4.: Zeta potential in dependence on pH value, measured in 10−3 M KCl: a)
thermoresponsive surface behavior of PNIPAAm 42 kDa and PNIPAAm 105
kDa before and after LCST transition; b) binary PN42−PAA with different
ratios; c) PN105−PAA with different ratios. The insert ci shows surface
irregularities at low pH. Here, hydrophobic interactions between COOH and
the alkyl chains of the terminal group C12 are expected to affect structural
rearrangements in the double layer of the surface
differences of zeta potential values for all PNIPAAm homopolymer brush samples with
variable molecular weights either with C12 or without C12 terminal chain group at 25 ◦C
to observe. However, the PNIPAAm homopolymer brush with C12 showed less uptake
of water molecules, which was denoted by the shift of the zeta potential curve. In con-
trast to reported investigations of Synytska et al., the PNIPAAm homopolymer brush zeta
potential curve is not linear over the whole pH value range278 (note that here the brush
synthesis was based on ATRP procedure and therefore grafting density was higher). It is
believed that surface heterogeneities or polymer structure rearrangements are the reason
for the observed bending of the curve at pH value 8 at 25 ◦C.
Along with the analysis of the streaming potential at 25 ◦C, the electrokinetic behavior
of both PNIPAAm layers was examined at temperatures above LCST in order to prove
the PNIPAAms’ conformational transition, figure 10.4a at 40 ◦C. Above LCST, similar
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behavior was observed for both brushes across the entire pH range. Comparing to the zeta
potential at 25 ◦C, significant changes were observed. At this conformational state, the
surface is becoming more hydrophobic (but still highly swollen), due to the vanish of hy-
drogen bonding and the subsequent collapse of the PNIPAAm chains. As discussed above,
at these hydrophobic surfaces the hydroxide ion adsorption is preferred and hence the ab-
solute zeta potential values increase. Subsequently, structural rearrangements disappear,
and thus the bending at observed pH 8 at 25 ◦C is here vanished.
In figure 10.4b and c, the zeta potential values of binary PN42−PAA and PN105−PAA
(w/o and w C12), are compared. The analysis includes binary brushes with three different
polymer ratios. Obviously, the PAA polyelectrolyte dominates the binary brush behav-
iorfor each structural type (w or w/o C12) and ratio, since all binary PNIPAAm−PAA
brushes resemble the zeta potential curve of PAA homopolymer. Typically, the zeta poten-
tial of surface that contains COOH dissociable groups appears to be flatened above pH 7,
where all COOH are deprotonated.279 Accordingly, this typical behavior is here observed
for the homo− PAA brushes with a pHIEP ∼ 3.2. The binary brushes of all ratios showed
only small variations around this pH, table 9.2. Interestingly, a noted irregularity was ob-
served for the binary PN105−PAA brushes carrying the C12 terminus, and its magnified
on the window of figure 10.4 ci. A characteristic ’bend’ in the zeta potential curve at lower
pH value range where the COOH are partially dissociated, was observed. It is expected
that hydrophobic interactions between COOH and the alkyl chains of the terminal group
C12 will affect structural rearrangements in the double layer of the surface. The higher
the content of PNIPAAm 105 kDa in the binary polymer brush the more pronounced the
bend is, illustrating changes in the charge formation process.
10.2. FGN adsorption on polymer brushes
10.2.1. Fibrinogen adsorption on PAA Guiselin brushes in pH dependent
manner
Physical adsorption of proteins via ionic interactions on PAA brushes is an advantageous
surface biomodification method due to its one step preparation that does not include
pre-modification of the supporting surface or of the proteins involved. Depending on the
isoelectric point of the protein, its surface bears positively or negatively charged groups,
which can interact with polar surfaces. The pH conditions, under which the adsorption
experiment is performing, determines the net charge of the protein and the polyelectrolyte
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surface. According to previous investigations, protein adsorption on PAA brushes oc-
curred for both electrostatic attractive and repulsive conditions (adsorption on the ’wrong
site’).220,280,281 An investigation of physical adsorption of model proteins (HSA, chy-
motrypsin) and the enzyme Glucose Oxidase on PAA Guiselin brushes has already been
introduced by prior research works of our group.220,229 Going one step forward, a detailed
insight on FGN adsorption on PAA Guiselin brushes is here presented.
Figure 10.5.: pH dependent Fibrinogen adsorption on PAA brushes. Comparison of the
two modeling approximations; de Feijter modified by Xue et al.7 which
considers two discrete brush-protein layers, and the de Feijter modified by
Bittrich et al.220 which considers one common layer of three components
(brush - protein -buffer solution)
Figure 10.5 shows the pH−sensitive adsorption of FGN onto PAA (25 kDa) Guiselin
brushes. The adsorption experiments were performed as individual measurements with
0.25 mg/ml concentrated protein in different pH buffer solution of 10 mM ionic strength
and monitored by in situ spectroscopic ellipsometry. For the modeling and the estimation
of the FGN amount two different approximations were used and the results are compared
in figure 10.5. According to the first model, an EMA (effective medium approach) ap-
proximation was used and the FGN amount was calculated by the de Feijter modified
by Bittrich et al. equation.220 According to the second approximation, a Cauchy model
was used to fit the ellipsometry data and a Xue et al. modified de Feijter equation was
applied for the quantification of the FGN amount.7 For the individual experiments at pH
5.0 to pH 6.0 a refractive index gradient with 5 discreet compartments in the z direction
of the brush layer was considered, in order to minimize the obtained mean square error
(MSE) values. For further details on the ellipsometric modeling the reader should refer to
materials and methods part in section 5.1.3. Along with the very good agreement of the
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two different modeling approximations for the HSA and Chymotrypsin protein adsorption
on PAA Guiselin brush,282 the two approximations were found to be equally valid for FGN
adsorption on PAA brushes.
The FGN adsorption on PAA brushes shows a strong dependence on pH as depicted in
figure 10.5. The protein is positively charged below its isoelectric point (IEPFGN = 5.5
283)
and increasingly negatively charged above this pH. According to the streaming potential
measurements performed for the PAA (25 kDa) Guiselin brushes the IEPPAA = 3.2, (see
Appendix A A.1.2). Above this pH the PAA brush is increasingly negatively charged.
Below the IEPFGN the adsorbed amount of FGN is found to increase with increasing
pH, with a maximum of ΓFGN ∼6 mg/m2 at the IEP of the protein (pH 5.5). As dis-
cussed previously, the absence of net protein charges at this pH and the hindrance of
ionic repulsion between the protein molecules result to the formation of a densely packed
adsorbed FGN layer on the brush. This very high FGN amount is attributed to a ’side-on’
adsorption of the rod like FGN protein molecule, and a relative close packing onto the
surface. Moreover, slight protein penetration into the brush could also be possible. A non
negligible adsorbed FGN amount is found above the IEPFGN , where protein and brush
interface are both negatively charged, and electrostatic repulsion is dominating. According
to field theoretical analysis performed by de Vos et al., two are the main additive respec-
tive effects that cause protein adsorption at the ’wrong side’ of the proteins’ isoelectric
point.281 On the one side, proteins are considered to regulate their net charges according
to the electrostatic potential of the interface. On the other side, positively charged regions
(charged ’patches’ ) considerably gain in free energy from interacting with the negative
brush surface. Thereafter, a quite high adsorbed FGN amount was observed for pH values
up to pH 7.0; whereas, a 0.5 pH increase above that value resulted to a drop-down of FGN
adsorbed amount, due to the diminished total positive protein charges and the increased
brush-FGN repulsion. For all adsorption measurements the FGN amount was invariably
remained on the surface after thorough washing with the same pH and ionic strength
buffer and thereafter, desorption of FGN protein was not possible in any case, denoting a
strong adsorption on the polymer brush.
10.2.2. Fibrinogen adsorption isotherm and salt dependent protein desorption
Figure 10.6a shows the relation of the measured adsorbed amount of FGN (per unit area)
ΓFGN , to the FGN solution concentration. Protein adsorption was measured with in situ
spectroscopic ellipsometry and the results were modeled with the Xue et al. modified de
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Figure 10.6.: Fibrinogen adsorption isotherm on PAA Guiselin brushes. The surface
was thoroughly washed with protein−free buffer of the same pH and ionic
strength(data points shown in cyan) two hours after adsorption at each point.
(b) FGN desorption percentage for washing with increasing ionic strength so-
lutions. The data points are individual adsorption/desorption experiments.
Only few c[Na+] M increase was sufficient to release up to 90% of FGN
molecules from the PAA brush surface. For both (a) and (b) each data point
represents a mean n = 3 ± SD.
Feijter approximation.7 The pH was kept constant at the IEPFGN (pH = 5.5) so that the
electrostatic repulsion between the protein molecules was absent and the ionic strength of
the solution was c[Na+] = 10 mM. Each adsorption step was carried out for 2 hours at
25 ◦C. Washing of the surface with protein−free buffer was thoroughly carried out at the
end of each measurement and the values after washing are given in cyan in figure 10.6a.
As expected, ΓFGN increased sharply at low protein solution concentrations (0.01 to
0.05 mg/ml) and leveled up at higher protein concentrations approaching a limiting ΓFGN
value (∼ 60mg/m2). As it can be seen, FGN adsorption isotherm closely resembled the
Langmuir adsorption model.284 The existence of a protein adsorption plateau has been
interpreted as a sign that the adsorbing surface is ’saturated’ with protein molecules.285,286
Indeed, any further increase in the FGN solution concentration ( [cFGN ] > 0.125mg/ml
) did not affect ΓFGN . The amount of adsorbed protein at the plateau of the adsorption
isotherm curve is thought to be close to the amount that can fit into a closed−packed
monolayer (i.e saturated monolayer). The extremely high fibrinogen adsorption to the
PAA brush (ΓFGN ∼ 60mg/m2) might be due to an ’end on’ monolayer coverage.287–289
Salt effect on fibrinogen adsorption Figure 10.6b shows the desorption percentage of
individual PAA brush samples which adsorbed FGN protein at pH 5.5. After that the
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surface was thoroughly washed with protein free buffers of different ionic strength ( 0.01
to 0.1 M ) and a subsequent in situ SE measurement was performed. As it is shown in
figure 10.6, FGN adsorption affinity was not destructed after washing with c[Na+] = 0.01
M buffer. On the contrary, when the surface was washed with c[Na+] = 0.025 almost
70 % FGN molecules desorbed from the PAA brush. Further increase of the washing
solutions’ ionic strength (c[Na+] = 0.05 M) released almost 90 % of the preadsorbed FGN
molecules, whereas, absolute protein desorption (100 % )was not observed by additional
c[Na+] concentration increase and the desorbed amount remained almost constant when
washed with up to c[Na+] = 0.1 M acetate buffer.
Interestingly, the adsorbed amount of FGN in PBS buffer, (pH 7.4; c[Na+] = 0.137
M; physiological conditions) was found to be almost zero (ΓFGN ∼ 0mg/m2 figure 10.7).
Czeslik et al., who used fluorescence correlation spectroscopy and neutron reflectometry
to study in situ the effect of salt concentration on the degree of BSA binding on PAA
brushes, presented a stimuli switching of PAA brush from protein adsorbing to protein
resistant upon crossing a few 100 mM sodium chloride concentration threshold.290 To-
gether with Czesliks’ group, more published works support that protein binding to the
PAA brush is likely dominated by the release of brush entrapped counterions into the
solution.290–292 Our experiments additionally confirm that when the salt concentration
in solution increases, and the pH is above the IEP of the protein, this driving force van-
ishes and protein molecules are repelled from the interface by steric electrostatic repulsion.
Thereafter, FGN molecules are electrostatically repelled from the negatively charged PAA
polymer chains.
After protein deposition on a surface, reverse adsorption process is energetically un-
favorable and in most cases, unlikely to occur. In order to trigger protein desorption,
depending on the nature of the surface and the protein, different detergents have been
used.293 Taken together, the driving force for protein adsorption on PAA brushes is the
’counter ion release’ from the brush interface. It has been proved that when the salt con-
centration in the solution is increasing protein adsorption is being suppressed.290–292,294 In
that means, washing solution with high salt content might be beneficial when desorption
of the surface bound proteins is needed.
10.2.3. Thermo- responsive fibrinogen adsorption on polymer brushes
In this section, investigations were focused on the regulation and control on FGN-surface
affinity, resulting by the adjustment of hydrophobic interactions due temperature changes
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and exposure of an additional sub-nanometer sized hydrophobic domain (C12) on the
interface. Prior to these investigations, FGN protein adsorption has been performed in
PNIPAAm brushes w/o C12 of various molecular weights, and the protein resistance of
the brushes was proved, both below and above LCST (data only shown for MN=42000
g/mol) shown). The results were in agreement to previous investigations for HSA and
BSA protein adsorption on PNIPAAm homo- polymer brushes.5,6
Here, preliminary adsorption of fibrinogen (FGN) protein was performed on homo- and
binary brushes, with and without C12 terminal group, at two different temperatures;
below LCST at 25 ◦C and above LCST at 37 ◦C and the results are shown in figure 10.7.
The ellipsometric measurements have been performed in situ, in a controlled temperature
environment, at physiological conditions (PBS buffer, pH 7.4, 0.1 M) and the FGN solution
concentration was 0.25 mg/ml.
Figure 10.7a shows the FGN adsorption on the less hydrophobic brushes which did not
contain the C12 terminal group; whereas, 10.7b refers to the results of FGN adsorption on
C12 containing brushes. Both graphs show similar trends, with relative higher adsorbed
amount for all cases on C12 containing brushes, indicating the increase in hydrophobic
interactions between the brush and the protein molecules. Moreover, the preserved protein
repellent character of PNIPAAm above LCST vanishes when the hydrophobic segment C12
is introduced in the brush. At 37 ◦C the collapsed PNIPAAm 105 kDa brush clearly alters
affinity towards FGN and an increase in protein binding is observed.
Figure 10.7.: Adsorbed amount of FGN protein on homo− and binary polymer brushes,
without C12 (a) and with C12 (b). The experiments were performed under
physiological conditions pH 7.4.
On the first discussion part, the overall observed effect of polymer composition on FGN-
brush affinity is described; whereas later, the effect of the C12 presence on FGN adsorption
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will be emphasized. For the PAA homo-brush only a very small amount of FGN protein
adsorbed at room temperature and almost none FGN was found to adsorb at 37 ◦C. As
already discussed, at high salt conditions ((pH 7.4; c[Na+] = 0.137 M, in PBS), swollen
PAA brushes even in the osmotic regime, were found to be protein resistant. The counter
ion release from the brush interface; which is the driving force for protein adsorption, is
here vanished and adsorption on the ’wrong site’ of the electrostatics, where both surface
and protein are negatively charged, is diminished. At higher temperatures, the increase in
thermal motion of the polymer chains, as well as the higher rate of FGN Brownian motion
in solution, prevents almost entirely any protein-brush interaction.
Despite the conditional FGN repellent character of the PAA homo-brushes, upon in-
troduction of small amount of PNIPAAm grafted polymer (i.e. PN-PAA 20:80), a rear-
rangement occurs. The trend of the protein binding degree at high and low temperature
rightly resembles that of the homo- PAA brush, with smaller FGN-brush affinity at high
temperature. Nonetheless, at 25 ◦C, PN-PAA 20:80 brush fairly adsorbs FGN molecules
(with amplified ΓFGN for the brush with C12). This phenomenon might be happening
due to the disturbance of the water symmetry (discussed for PNIPAAm brushes137–139) at
the protein-ambient interface. In this composition it is believed that the small percentage
of PNIPAAm might attract FGN molecules; whereas, the PAA chains still remain FGN
repellent.
Interestingly, the adsorbed FGN amount for the PN-PAA 50:50 binary brushes was
found to be almost equal for both temperatures, and higher than the FGN amount on
PAA homo brush. This phenomenon might be attributed on the change of the polymer
brush composition, which caused molecular motion constrains to the polymer chains of
both PNIPAAm and PAA. According to Bittrich et al.6 the PNIPAAm-PAA brushes show
a complex swelling behavior in solution. At 25 ◦C the PNIPAAm chains are stretched,
and PNIPAAm is expected to be present at the interface; whereas, at 37 ◦C the PNI-
PAAm chains are collapsed and more PAA is expected to be exposed. The dynamic
swelling and deswelling of the brush is thought to be a synergetic phenomenon, setting
both intra-correlated polymers into motional rearrangement. Thereafter, it might be that
the adsorbed FGN amount, which at 25 ◦C is attracted to the brush due to affinity on
PNIPAAm chains, remains almost at the same levels when the PN-PAA brush layer col-
lapses.
This brings us to the last and most interesting case of FGN stimulus adsorption on
PN-PAA 80:20 brush surface. The degree of protein binding for this system was ther-
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mally controlled as, by change of the temperature an on-off affinity of the FGN on the
brush surface was achieved. It is highly possible that the chain conformation of PNI-
PAAm has a major impact on the ability of these binary brushes to adsorb proteins. In
the collapsed state PNIPAAm is more hydrophobic and therefore more likely to adsorb
FGN molecules. At this composition, the small amount of PAA present is not sufficient
to disturb hydrophobic attraction, and the PN-PAA 80:20 adsorption resembles that of
homo- PNIPAAm brushes. A complex synergy occurs when PAA is present in the system;
where, over temperature elevation, the collapsed binary brush successfully alters the in-
terfacial conditions in order to remarkably increase FGN adsorption due to hydrophobic
interactions.
The switching of the protein adsorption is amplified in case on PN105-PAA 80:20 poly-
mer brush with the C12 hydrophobic segment on PNIPAAm chains. The introduction
of the sub-nanometer sized C12 domain, not only affected the physicochemical surface
characteristics described above but also effectively altered the magnitude of stimuli re-
sponsiveness of the brush towards FGN adsorption. This system might be a promising
combination of polymer brush material for various surface modification applications. Fu-
ture investigations with various other, blood plasma and extra cellular matrix proteins, will
prove the capacity and potentials of the system with respect to biomaterial classification.
10.3. Summary
The interfacial characteristics of variable PNIPAAm polymer brushes grafted to model
silica surfaces were investigated for the first time in situ by means of visible spectro-
scopic ellipsometry (vis-SE), dynamic contact angle and streaming potential measure-
ments. Two different PNIPAAm species were end-tethered to the surface in order to pre-
pare homo-polymer brushes: the first PNIPAAm polymer which possessed a hydrophobic
dodecyl-terminal function (C12 terminus), and a second PNIPAAm polymer which had
no hydrophobic terminus C12. Binary brushes were composed by a subsequent surface
modification step. Accordingly, PAA was additional applied for the grafting to process
in order to graft PNIPAAm−PAA polymer brushes with or without C12 terminal group.
The study was focused on investigation of the influence that the terminal hydrophobic end
group of PNIPAAm would have on physico-chemical surface characteristics, and fibrinogen
adsorption.
It was proven that the sub-nanometer sized C12 terminal group noticeably affected
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the interfacial brush properties. As expected, the C12 terminus lead to a more hy-
drophobic wetting behavior, but also decreased temperature sensitivity and broadened
the brush phase transition. Electrokinetic measurements have revealed that, in case of bi-
nary brushes, the negative charged polyelectrolyte poly(acrylic acid) is quite dominant at
the surface; since, the appearance of the zeta potential curve for all binary PNIPAAm-PAA
brushes resembles that of PAA homo- polymer brushes.
Fibrinogen adsorption was performed in a pH and salt responsive manner on PAA homo-
polymer brushes. As expected, maximum FGN adsorption was observed at the IEPFGN
and 10 mM ionic strength. Accordingly, the affinity of the FGN was significantly dimin-
ished when solution with higher salt concentration (< 20 mM) was introduced to the
FGN modified brush surface. Temperature dependent fibrinogen (FGN) adsorption ex-
periments were performed in situ at physiological conditions on PNIPAAm homo-brushes,
as well as PNIPAAm-PAA binary brushes, composed out of PNIPAAm with or without
C12 terminal group. Despite the protein resistant character of PNIPAAm brushes with-
out C12 at all investigated temperatures (also discussed in the literature5,220), PNIPAAm
brushes with C12 found to adsorb FGN at 37 ◦C. The phenomenon was explained by the
increased hydrophobic interactions between the PNIPAAm brush and the FGN molecules
at this temperature. The presence of C12 generally increased the FGN-brush affinity for
all binary brushes. In case of PNIPAAm-PAA brushes with 80:20 ratios, an on-off ad-
sorption of FGN molecules was observed. The stimuli responsive FGN adsorption was
amplified in case of binary brush with C12, due to the increase of hydrophobic interac-
tions at physiological temperature. Taken together, grafted to homo and binary PNIPAAm
polymer brushes are highly promising surface coatings with switchable, stimuli responsive
adsorption characteristics, capable to accommodate a variety of biotechnological related
applications.
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11.1. Modification of PAA brushes with GRGDS peptides
11.1.0.1. Objectives
The design of interfacial architectures involving biologically active peptide molecules can
be realized using polyelectrolyte polymer brushes. In this thesis part, the investigation
of PAA Guiselin brush biofunctionalization with GRGDS peptides (generally denoted as
RGDs; meaning the RGD containing sequence) is presented.
Figure 11.1.: (a) Chemical formula of the GRGDS peptide, adapted from.295 (b)Optimized
geometry of GRGDS peptide. The intramolecular H-bonds in GRGDS
molecule are depicted as dashed light-blue lines and their length is shown
in A˚ngstro¨m. The radius of gyration was calculated to be Rg = 0.61 nm.
The molecular modeling was performed by Dr. Olga Guskova in Leibniz IPF,
Dresden.
The chemical formula, as well as the GRGDS 3D-structure are shown in figure 11.1.
For this geometry, the radius of gyration of GRGDS peptide, was calculated as root mean
square distance between the individual atoms as R2g =
1
N2
Σi,j(ri − rj)2, where N is the
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number of atoms; i, j the atom indices; ri−rj the radius vector of atom i and j, respectively.
The radius of gyration was found to be Rg = 0.61 nm (The computational modeling is
presented after the kind permission of Dr. Olga Guskova).
Figure 11.2.: Schematic representation of possible brush configuration after RGD
immobilization.
Since the dimensions of the peptide allow penetration in the brush layer, the immobi-
lization stereotype most possible resembles that of ’ternary adsorption’. Figure 11.2 shows
the three possible RGD immobilization outcomes. According to the first possibility, the
brush gains in thickness and the refractive index increases due to penetration of RGDs
molecules and increase of brush swelling. According to the second, the RGD amount- pen-
etrating the brush is not adequate to increase the swollen thickness of the combined layer;
nevertheless, the combined refractive index is increasing, indication molecular uptake. At
last, the immobilization might result in shrinkage of the brush layer due to crosslinking.
In this case, more than two reactive amine groups of the peptide might react with two
neighboring polymer chains. In this case a very high refractive index, which will occur
due to molecular uptake and densification of the brush layer after collapse, is expected.
In the following section, the optimal biofunctionalization procedure of the PAA brush
with GRGDS molecules is being investigated by means of ATR-FTIR and VIS-SE. In this
respect, the effect of experimental parameters such as buffer solution, immobilization time
and temperature on the resulting immobilized GRGDS amount, is being discussed. This
section concludes on the optimized immobilization protocol of GRGDS on PAA homo-
polymer brushes.
Activation of the COOH via EDC NHS method. In order to create RGDs biofunc-
tionalized PAA brushes, covalent binding (i.e. chemisorption) of the peptide via car-
bodiimide chemistry was performed. The carbodiimide chemistry offers a method for
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Figure 11.3.: PAA brush activation scheme. The first intermediate during the EDC/NHS
activation is the O-acylurea. After this step, 4 different possibilities exist.
The most probable outcome is the production of NHS ester. Another pos-
sibility is the hydrolysis of the O-acylurea and the regeneration of COOH.
Equaly possible is the formation of an anhydride as a byproduct. At last,
N-acylurea might also form. Both NHS-ester and Anhydride are reactive
towards NH2-containing biomolecules (here RGDs) and result to covalent
binding of the biomolecule to the PAA brush surface.
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generating covalent bonds between carboxylic acid and amine groups. It is the most
commonly used immobilization method142,143,296–298 that involves covalent binding of
NH2-containing biomolecules onto carboxyl-containing substrates, using N-ethyl-N’-(3-
(dimethylamino)propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) zero crosslink-
ers (i.e. they provide zero spacing), the molecular structures of which are shown on figure
11.3. Besides, the method is used to bind EDC/NHS activated COOH of biomolecules
onto NH2-containing surfaces, even thought according to this approximation, crosslinking
of biomolecules in solution possibly occurs.
The advantages of the EDC/NHS approach are the labor ease, the high conversion
efficiency, and the minor influence on the bioactivity of the immobilized biomolecules
due to the mild reaction conditions and the water solubility of the reagents. Moreover,
EDC/NHS coupling yields sustainable clean products (i.e. environmentally friendly) than
other coupling procedures such as glutaraldehyde and formaldehyde.299,300
Figure 11.3 shows the molecular activation mechanism of EDC/NHS coupling reaction.
At the first reaction step, an O-acylurea intermediate is formed by the reaction of carbodi-
imide EDC to the carboxylic acid. At these stage of the reaction, the O-acylurea product
is prone to hydrolysis in aqueous solution. Thereinafter, the NHS is added simultaneously
to the activation solution so that the conversion to the next product will be achieved.
Consequently, the NHS-ester main product is formed by nucleophilic attack of NHS to
O-acylurea, which according to investigations of S. Sam et al.301 can ideally show very
high yield efficiency. However, few other side products may occur during the activation
procedure. One possibility is the formation of anhydride after dehydration of O-acylurea
of two neighbor COOH groups. This outcome is equally probable to the regeneration
of the COOH after hydrolysis.302 Anhydride might further react directly with primary
amines and form equal amounts of amide bonds to carboxylic acid groups. Furthermore,
a stable N-acylurea after intramolecular acyl rearrangements might form; yet, in accepted
reaction conditions it is negligible, and it only becomes important under conditions of high
temperature and at high reactant concentrations.303 Moreover, NHS-ester is prone to base
hydrolysis both in solution and on a surface, and therefore a strong competition between
amidation and hydrolysis influences the biomolecular conjugation efficiency.301,302
11.1.1. Optimization of the GRGDS covalent binding process
The carbodiimide coupling process has been extensively used by researchers in the field,
for RGDs covalent binding on polymer substrates.130,141,142,296,304 Despite the broad use
102
11. Biomodification of polymer brushes with Arg-Gly-Asp (RGDs) peptides
of the EDC/NHS activation procedure, only few publications are focusing on the details
of the molecular mechanisms taking place during activation of the COOH groups and
covalent binding of the peptides;302,305 whereas, few published work gives general insight
on the optimization of the EDC/NHS experimental procedure.301,306
Table 11.1.: Investigated parameters during the EDC/NHS optimization procedure
Buffer Solution
and pH
Molar Ratio
or concentration
Temperature
(◦C)
Time
(min-h)
Rinsing
Activation
MES; pH(6)
or
PBS; pH(6)
EDC/NHS 2.5/1
or
EDC/NHS 1/2.5
25 ◦C
2 hours
to
30 min
with activation buffer
or
only aspiration
Covalent Binding
Borate; pH(8)
or
PBS; pH(7.4)
constant RGD
concentration of
0.1 mg/ml
4 ◦C
or
25 ◦C
30 min
to
24 h
thorough washing
with PBS buffer
and
quenching with
Acetate buffer pH 4
In the present section, detailed optimization experiments analyzed by ATR-FTIR and
spectroscopic ellipsometry (SE) are presented. The effect of several experimental parame-
ters such as the concentration and molecular ratio of the reagents, the buffer solution, the
reaction time and temperature and the finalizing washing steps, on the immobilization ef-
ficiency were investigated. In table 11.1 a general overview of the investigated parameters
is presented.
Figure 11.4 shows ATR-FTIR results for seven different indicative immobilization pro-
tocols, the detailed experimental parameters of which are summarized in table 11.2. Two
are the main discrete steps of the experimental procedure: the activation of the carboxyl
groups by EDC/NHS and the covalent binding of the GRGDS peptide. The bar columns
in figure 11.4 denote the normalized Amide I (grey bars), Amide II (cyan bars) and Amide
I+II (blue bars) band intensities. Following the peptide binding, thorough washing with
PBS (pH 7.4) and subsequent rinsing with acetate buffer (pH 4) was performed (neces-
sary experimental step only for the ATR-FTIR analysis). Hence, a clear insight on the
actual Amide II intensity was obtained, since the overlapping to the Amide II vibration
frequency of COO− on the PAA chains, appears at lower wavenumber (cm−1) for the
protonated COOH groups (detailed description is presented below, section 11.1.2). The
magnitude of the relative absorbance intensities would give an insight on the success of
the immobilization procedure.
M. Ko¨nig et al. investigated the immobilization of Glucose oxidase on very similar
PAA Guiselin polymer brushes (MN = 26.5 kDa).
229 This particular protocol was used as
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initiate approximation for the immobilization of the GRGDS peptides to the PAA polymer
brush. It should be mentioned that the indicative protocols shown in table 11.2 and figure
11.4 are not listed according their chronological order of performance. Instead, their order
indicates the experimental success and their dominance on the previous listed experiments.
As a deduction, the intensity of the absorbance units of Amide I + II from protocol I to
VII has a rising behavior (increase in positive outcome).
Table 11.2.: Experimental parameters for each optimization protocol shown on the bar graph
Optimization
Protocol
Activation Covalent binding
Solution EDC/NHS ratio Solution Temperature Time
Prot. I DMSO 2.5/1 PBS 4 ◦ C over night
(16h)
Prot. II
Phosphate
(pH 6)
2.5/1 PBS 4 ◦C 16 h
Prot. III
MES
(pH 6)
2.5/1 PBS 4 ◦C 16 h
Prot. IV MES 1/2.5 PBS 4 ◦C 16 h
Prot. V MES 1/2.5
Borate
(pH 8)
4 ◦C 16 h
Prot. VI MES 1/2.5 Borate 25 ◦ C 2 h
Prot. VII MES 1/2.5 Borate 25 ◦C 16 h
Effect of the solution
Activation solution. For maximum GRGDS conjugation efficiency, several aspects that
regard the solutions used during the EDC/NHS activation procedure have to be consid-
ered. Alternatively to aqueous solutions, dimethyl sulfoxide (DMSO) solvent is often used
in order to dissolve EDC/NHS. In this respect, water insolubility of the modified carboxy-
late intermediate can be avoided.118,307 Protocol I in figure 11.4 refers to the GRGDS
immobilization outcome, after activation of COOH in DMSO. It was proven that under
these conditions, the covalent binding of GRGDS was insufficient. Therefore, a non or-
ganic - aqueous solvent was preferred. EDC immobilization is most efficient in slightly
acidic (pH 5 to 6) conditions and must be performed in carboxyl and amine free buffers (i.e
Tris, glycine or acetate buffers should be avoided).118,308 Considering that dissociation of
carboxylic groups is preferable for effective COO− turnover to o-cylurea intermediate, and
taking into account the VIS-SE analysis on the pH sensitive swelling of the PAA brush,
pH 6 was chosen for the EDC/NHS activation step. According to results presented in
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Figure 11.4.: Optimization of the experimental parameters related to the EDC/NHS pro-
cedure. ATR-FTIR analysis of the amide bonding after the immobilization
of the GRGDS peptide to the PAA brush for different experimental proto-
cols. The data shown include indicative experimental outcomes that show
the most noticeable differences after changing only one discrete parameter.
The exact parameters used for the indicative optimization protocols I-VII are
listed in table 11.2. The absorbance units refer to normalized relative band
intensities of the Amide I and Amide II, as well as the sum of the Amide I
and Amide II vibration frequency bands. Rinsing with Acetate solution of
pH 4.0 was performed prior to the analysis.
Appendix A., almost all COOH groups are dissociated at this pH. The ionic strength of
all buffers used, was kept constant at 100 mM. Protocol II was based on experimental
procedure published on229 with only one modified parameter, that of immobilization tem-
perature (4 ◦C instead of 25 ◦C). A 3 % higher Amide I + II intensity than Protocol I
was observed in this case.
Comparing Protocol II to Protocol III, for which MES (2-(N-morpholino)ethanesulfonic
acid) was used instead of phosphate buffer, one can see a 8 % better outcome. The reason
for that is that EDC might be slightly reactive towards phosphate groups which act as
competitive inhibitors during the first step of the activation procedure. A highly EDC
concentrated solution could also solve this problem.
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Handling of EDC/NHS excess. In order to avoid excess of EDC/NHS reactive molecules
(i.e. not yet reacted with the COOH of the brush), the surface can be quenched by
the use of 2-mercaptoethanol (2-ME). Alternatively the sample can be either rinsed by
activation buffer, or just aspirated prior to GRGDS addition. ATR-FTIR experiments
were performed to analyze the effect of rinsing after activation of COOH with EDC/NHS
(data not shown). The resulting outcome, has revealed that already within the first
minutes, almost all NHS-esters are hydrolyzed after surface rinsing of the activated brush.
Therefore optimally, the EDC/NHS solution was carefully aspirated prior to immediate
addition of GRGDS solution.
Covalent binding solution. One main consideration that should be taken into account
during this reaction step, is the competition of the NHS-ester hydrolysis rate to the primary
amine reaction. The half life of NHS-ester hydrolysis strongly depends on temperature of
the reaction (discussed below) and pH of the solution. NaOH promotes hydrolysis of NHS-
ester, and therefore a higher than pH 8 value increase, is not preferable. Comparison of
Protocol IV to Protocol V reveals the different outcomes of PBS (pH 7.4) and borate (pH
8.0) buffers, used during the immobilization step. An increase in conjugation efficiency of
around 16 % was here observed. Therefore, as for various other published protocols,309–311
borate buffer prevailed over PBS buffer, as a solution medium during GRGDS covalent
binding.
Effect of the EDC/NHS molar ratio. The variations of EDC to NHS molar ratio were
also investigated. The difference on the resulted conjugated GRGDS amount was found to
be small but not negligible. Protocol III to Protocol IV showed an increase of conjugation
efficiency of about 3 %. Hereinafter, molar amounts of 1 mM EDC and 2.5 mM NHS
dissolved in MES buffer solution (pH 6, 100 mM) were chosen.
Effect of reaction time and temperature. Along with the effect of the pH on the lifetime
of the NHS-ester hydrolysis, temperature plays also an important role. It is frequently
discussed that in some cases at lower temperatures, the activity of the NHS ester sig-
nificantly increases. Hence, the covalent binding of the GRGDS was performed at 4 ◦C
and was compared to the experimental efficiency at 25 ◦C. Protocol VI and Protocol V
in figure 11.4 compares the outcome of the two trials. Protocol VI showed a 8 % increase
in efficiency compared to Protocol V. Here, it has been proved that a faster diffusion rate
of the peptides in room temperature will result in better conjugation efficiency, despite
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the high hydrolysis rate and short lifetime of NHS-ester; which at these conditions, was
estimated to be around 4-5 hours.118
Moreover, the reaction time had a significant effect on the outcome of the experiment.
The covalent binding of the GRGDS on the activated PAA brush according to Protocol
VI was performed for 2 hours; whereas, 16 hours immobilization was performed according
to Protocol VII. A significant efficiency increase of 39 % was found for the longer (over
night) conjugation times.
VIS-SE analysis: temperature effect on the GRGDS covalent binding In order to in-
vestigate the temperature effect on the covalent binding events, experiments for 4 different
initial concentrations; 0.01 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.5 mg/ml were performed.
Together with the GRGDS modified brushes, control samples with no GRGDS addition
as well as physisorption of GRGDS on the brush were tested. Figure 11.5 shows the SE
results on two different protocols, Protocol II preformed at 4 ◦C and Protocol VII at 25 ◦
C (see table 11.2).
In both cases, d and n(λ) after GRGDS physisorption are very close to the unmodified
brush, blue dots in figure 11.5. These slight changes are probably rather result of polymer
brush reorientation after washing steps, than actual peptide incorporation into the surface,
and as discussed in figure 11.5 (c), the modeled physisorbed ΓGRGDS is close to zero.
For both Protocol II and Protocol VII the combined peptide-PAA refractive index value
increases with increased GRGDS amount. This denotes the increasing covalent binding of
the peptide to the brush with increasing initial loading concentrations. Nevertheless, the
refractive index value in case of 4 ◦C is smaller than the n at 25 ◦C, and it is gradually
increasing (does not reach steady value), showing that adequate binding sites on the brush
are still abandoned.
There is a main difference observed between the GRGDS-PAA combined thickness after
covalent binding at 4 ◦C and at 25 ◦C. For the low temperature, where the diffusion rate
of the GRGDS is significantly decelerated, the net change of the thickness before and
after chemisorption is negative; about -15 nm for low initial loading (0,01 mg/ml) down
to -26 nm for maximum initial loading (0.5 mg/ml). It is assumed that the decrease of the
combined PAA-GRGDS thickness is a result of inter-chain brush crosslinking. Possibly, a
reaction of both NH2 residues present in Gly (end NH2 group) and Arg ( side chain NH2
group) amino acids of GRGDS sequence (figure 11.1), with two neighbor polymer chains
occurs in this case.104 Based on this possible explanation, the more GRGDS peptides react
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Figure 11.5.: Effect of temperature on GRGDS covalent binding on PAA brushes. (a)
Covalent binding at 4 ◦C, (b) covalent binding at 25 ◦C , (c) comparison of
covalently bound amount between protocol II and optimized protocol VII
with the PAA chains, the higher is the crosslinking degree, and the lesser the combined
PAA-GRGDS thickness.
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At 25 ◦C a different outcome was observed. The combined thickness for all initial
loadings of GRGDS (0.01 to 0.5 mg/ml) was ∼ 11 ± 1 nm higher than the unmodified
brush thickness. It seems that, at this temperature, only the end NH2 group of glysine
amino acid was reactive towards the activated COOH acid groups. Presumably, the amine
group of the arginine side chain was not receptive at high diffusion rates and therefore, each
peptide reacted through one NH2 group with the PAA substrate and therefore, the brush
polymer chains did not crosslink.118 The phenomenon can be further explained based on
steric hindrance of the active sites at these conditions and further NH2 dislocation.
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In figure 11.5 (c) the ΓGRGDS for the peptide covalent binding performed at two different
temperatures is shown. The modeling was based in the modified by Xue et al. de Fejter
approach which combines the secondary and ternary RGD adsorption.7 As discussed
above, the physisorbed amount, still for the highest peptide concentrated solution (0.5
mg/ml) for both procedures was almost zero. The chemisorbed GRGDS amount is taking
up with initial loading concentrations for both protocols, with amplified curve shape for
the experiments performed at 25 ◦C. Comparable ΓGRGDS was found for the two last
peptide concentrations ( 0.1 mg/ml and 0.5 mg/ml) but saturation was in both cases not
yet reached. In case of 25 ◦C the ΓGRGDS significantly increased, compared to covalently
bound amount at 4 ◦C. This difference was more pronounced for the highest peptide
concentrations, with smaller differences for the two lowest peptide concentrations.
In conclusion, an overall 78 % increase in conjugation efficiency was achieved from Pro-
tocol I to Protocol VII. The interaction time showed the greatest effect on the resulting
immobilized GRGDS amount. EDC/NHS ratio has had a small effect on the immobi-
lization outcome; whereas, temperature during the conjugation interaction strongly influ-
enced the conjugation efficiency and type of RGD incorporation, and 25 ◦C was found to
be ideal. Finally, the activation and covalent binding solutions used for GRGDS coupling
to the brushes played also a significant role, influencing the GRGDS conjugation magni-
tude. Protocol VII, with MES (pH 6, 100 mM) as an activation buffer, 1/2.5 EDC/NHS
ratio, and immobilization reaction in borate buffer(pH 8, 100 mM), at room temperature
over 16 hours, were deduced to be the optimal conditions for GRGDS covalent binding
on PAA polymer brushes and was extensively used throughout following presented brush
biomodification experiments.
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11.1.2. In situ ATR FTIR analysis of GRGDS covalent binding on the PAA
polymer brush
In order to gain detailed insight on the EDC/NHS chemical activation and the GRGDS im-
mobilization procedure, PAA brush was grafted on an ATR-FTIR crystal and the internal
reflection data were spectroscopically recorded. Figure 11.6 displays dynamic measure-
ments during each surface preparation step. The spectra are shown in the frequency
region of 1900 to 1500 cm−1. The spectra of the ATR Si-crystal were taken as a reference
and were subtracted from every subsequent measurement.
Figure 11.6.: In-situ ATR-FTIR spectra of GRGDS covalent binding to PAA brush. The
experiment was performed in five discrete steps. Step 1 (green): Swelling
of the brush in MES buffer, Step 2 (orange): EDC/NHS activation, Step 3
(blue) RGDs conjugation, Step 4 (red) washing with PBS, and Step 5 (cyan)
rinsing with Acetate pH 4.0. The spectra were dynamically recorded, over
the entire time frame of each experimental step. Each time equivalent was t
= 5 min. Curves were shifted along the vertical axis for better display.
The in situ dynamic analysis follows the kinetics of the substrates’ chemical modifica-
tion. The recorded time lapse starts from the bottom thinner lines, to the top ’thicker’
lines which represent the final measurement of each modification step. Each line has a t
= 5 min time frame distance from the next spectrum line. After the completion of each
step, the measurement was stopped in order to exchange solution and was started again
right after the adjustment of the in-situ holder back to the ATR-FTIR instrument. Table
11.3 summarizes the vibrational band assignments in the focused frequency region, at the
final time point of each examined surface state.
In green, the ATR spectrum of the PAA layer, in MES buffer (pH 6), is shown. The
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swelling of the brush was recorded for 15 min to ensure dynamic equilibrium. The vibra-
tional band at 1729 cm−1 is attributed to the νC=O stretching vibration of the underlying
PGMA layer (ester bond). Generally, the PAA brush shows two discreet vibrational bands
in the examined region: At 1556 cm−1, where the stretching vibration of dissociated COO−
appears, and at 1720 cm−1 assigned to the protonated COOH. The intensity ratio of those
signals depends on the degree of protonation of the polyelectrolyte, and thus also depends
on the ionic strength and pH of the solution.312 The first and last line of the dynamic
swelling measurements are identical, denoting the instantaneous swelling of the brush layer
and full dissociation of the carboxylic acid at pH 6.
Table 11.3.: Infrared band assignments in the carbonyl stretching frequency region
Wavenumber
(cm−1)
Carbonyl stretching
vibration
molecular assignment
1729 ν (ether, C=O) PGMA (dry), corbonyl stretching
1713 ν (acid, C=O) PAA (dry), COOH
1720 ν (acid, C=O) PAA (in situ), COOH
1556 ν ( dissociated acid, C=O) PAA (in situ), COO−
1800 ν (ester, C=O) NHS-ester, carbonyl stretch
1761 νs (imidyl, C=O) NHS-ester, C=O symmetric stretch
1732 νas (imidyl, C=O) NHS-ester, C=O antisymmetric stretch
1660 ν (amide, C=O) Amide I, C=O stretch
1550 ν (N-H) Amide II, N-H bend
At a following in situ step, the EDC/NHS activation of the PAA brush layer is shown
in orange. For the activated PAA brush, three vibrational bands appear: at 1800 cm−1
assigned to the NHS-ester and the carbonyl stretch, at 1761 cm−1 and at 1732 cm−1 as-
signed to the symmetric and asymmetric vibrations of the C=O respectively. A slight
shift to lower frequencies over time could be seen here for the first 30 min of the measure-
ment, denoting the increased amount of activated carboxylic acids over this time frame.
Interestingly, there was not obvious sign of N-acylurea and anhydride by-products during
the activation of the COOH groups along the PAA polymer chains.
The amidation dynamics, over 2h chemisorption, are shown up next (blue). Here, the
first line is shown in light grey and the last in light blue for better display. With time,
the NHS-ester band vanish, and at the same rate, the Amide I and Amide II band at
1660 and 1550 cm−1 appear, denoting GRGDS immobilization. Subsequently, the surface
was thoroughly rinsed with PBS buffer and all loosely bound GRGDS were washed away;
whereas, the non-reacted NHS-ester was hydrolyzed back to COOH. Finally, in order
to overcome the overlap of the COO− to the Amide II band, the surface was rinsed
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with Acetate buffer pH 4 in order to protonate the carbonyl groups and translocate the
vibrational band to lower frequency ( 1720 cm −1). Therefore, the last step (Fig. 11.6
cyan) shows the Amide I and Amide II bands that resulted after GRGDS chemisorption,
indicating the successful biomodification of the PAA brush.
11.2. Incorporation of RGD-containing peptides on PAA and
PNIPAAm-PAA brushes
11.2.0.1. Objectives
In the previous section, the optimization of the PAA brush biomodification was inves-
tigated using the minimum peptide sequence, necessary for sufficient cell adhesion.84,313
The close insight gained from the detailed investigation of the EDC/NHS coupling of the
GRGDS-PAA system can be now applied for more sophisticated systems with more than
one polymer brush compositions, and more complex peptide architectures with superior
stability and activity. In this thesis section the biomodification of the temperature re-
sponsive PNIPAAm-PAA binary brush system, with three different RGD-containing
peptides (i.e. generally denoted as RGDs) is investigated by means of ATR-FTIR, in
situ VIS-SE and HPLC.
11.2.1. Covalent binding of RGD-containing peptides to PAA and
PNIPAAm-PAA brushes
Three different RGD containing peptides (see section 4.2) were successfully chemisorbed
on PAA homo- brushes as well as PNIPAAm-PAA binary brushes with two different
ratios (PN-PAA 20:80 and PN-PAA 80:20). Prior to experiments of RGDs chemisorption
on the binary PNIPAAm-PAA brushes, temperature and pH dependent physisorption
experiments for homo- PNIPAAm, PAA as well as binary PNIPAAm-PAA were performed
via VIS-SE and HPLC (data not show). For both temperatures, below and above LCST,
and all pH (GRGDS adsorption- above, below and at the IEPRGD), almost zero ΓRGDs
peptide amount was found to physically adsorb. Therefore, it could be estimated that
after brush peptide biomodification almost all RGDs were immobilized to PAA through
covalent binding.
112
11. Biomodification of polymer brushes with Arg-Gly-Asp (RGDs) peptides
Qualitative analysis The chemisorption of three RGD-containing peptides on homo- and
binary PNIPAAm-PAA brushes was qualitatively analyzed by means of ATR-FTIR spec-
troscopy. In figure 11.7 two representative examples of the investigated RGDs-brush
chemisorption are given; that of cRGDyK on PAA homo- brush (a) and cRGDyK on
PN-PAA (80:20) binary brush (b), (in Appendix B comparison of all 9 cases is presented
in figure B.4). Figure 11.7 represents dynamic in situ ATR-FTIR data in the frequency
spectral region from 1900 to 1500 cm−1. Detailed discussion on the particular analysis
was already presented above (section 11.1.2). Briefly, five subsequent surface modification
steps are depicted in figure 11.7 a, b. All vibrational frequencies, seen as single bands or
shoulders in case of figure 11.7a are attributed to chemical alterations of the surface during
peptide immobilization and are summarized in table 11.3. For the PNIPAAm-PAA binary
brush spectra (Fig. 11.7b green), two additional vibrational modes appear (compared to
the homo- PAA brush), the Amide I band at 1630 cm−1 and the Amide II band between
1535 and 1545 cm−1, which overlaps with the band caused by the deprotonated COOH
of the PAA at pH 6. These bands form mainly due to excitation stretching ν(C=O)
and bending δ(NH) vibrations of the amide groups. An additional stretching vibration of
CH bonds in the isopropyl groups, was here also detected between 3000 and 2800 cm−1
(data not included for better visualization on the ’zoomed’ spectral region). In addition,
the band at 1730 cm−1 increased in intensity, compared to the homo- PAA brush, due to
the formation of additional ester groups between the end functionalized COOH-PNIPAAm
and the epoxy groups of the PGMA anchoring layer, which denoted a brush layer of higher
grafting density.
Figure 11.7 c shows a summary of the normalized Amide I integration for the immobi-
lization of three RGD-containing peptides on PAA homo- and PNIPAAm-PAA 20:80 and
80:20 binary brushes. For better visualization, the points of figure 11.7c that represent
the Amide I bands in figure 11.7a, and b are denoted with an arrow. The band intensities
are in direct analogy to the immobilized peptide amount. Hence, it can be concluded that
cRGDyK had the highest immobilization efficiency, followed by the immobilized quantities
of GRGDSPK and GRGDS respectively. Moreover, it was found that a higher peptide
amount was covalently bound on the PAA homo- brushes, and as the PNIPAAm content
in the binary brush increased, the amount of immobilized peptide decreased.
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Figure 11.7.: In-situ ATR-FTIR analysis of RGDs chemisorption on homo PAA and binary
PNIPAAm-PAA brushes. (a) cRGDyK chamisorption on PAA, (b) cRGDyK
chemisorption on PNIPAAm-PAA 80:20. The experiment was performed in
five discrete steps. Step 1 (green): swelling of the brush in MES buffer, Step
2 (grey): EDC/NHS activation, Step 3 (blue): RGDs conjugation, Step 4
(red): washing with PBS, and Step 5 (cyan): rinsing with acetate pH 4.0.
Curves were shifted along the vertical axis for better display. (c) Normalized
Amide I integral for all three RGDs, GRGDS (grey), GRGDSPK (blue),
cRGDyK (cyan) chemisorbed on PAA, and PNIPAAm-PAA 20:80 and 80:20
respectively.
Taken together, it was shown that three RGD contaning peptides were succesfully im-
mobilized on homo- PAA and binary PNIPAAm-PAA brushes, via EDC/NHS covalent
binding procedure. The cyclic cRGDyK peptide was found to have the highest immobi-
lization efficiency, with GRGDSPK and GRGDS coming after that. ATR-FTIR analysis
showed that PNIPAAm content in the brush layer strongly effected immobilization yield.
In particular, the greatest effect was observed in case of cRGDyK. As expected, for all
three peptides, increased PNIPAAm resulted in decrease of peptide immobilization.
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Quantitative analysis In order to quantitatively access the RGDs immobilization on
polymer brushes, VIS-SE and HPLC analysis were performed. Figure 11.8 shows VIS-SE
results for covalent immobilization of RGD containing peptides on PAA and PNIPAAm-
PAA brushes. In particular, figure 11.8a shows the GRGDS immobilization on the brushes,
figure 11.8b shows the GRGDSPK immobilization; whereas, figure 11.8c shows the im-
mobilization of the cyclic peptide cRGDyK. Five different peptide concentrations were
individually incorporated into the system, beginning from 0,025 mg/ml to 1,0 mg/ml
respectively. On the left hand site the thickness change before and after peptide immo-
bilization is show; whereas, the respected refractive index of the combined peptide-brush
layer is presented on the left hand side.
Generally, for all peptides the combined refractive index increased with increasing RGDs
amount. This denoted the increased immobilized amount on the brush surface, since a
higher refractive index stands for an optically denser brush-peptide layer. Nevertheless,
there is a main difference to observe between the three peptides. The thickness change
for the GRGDS peptide was found to be positive, and it was increasing upon peptide
concentration increase; whereas, the thickness change for GRGDSPK and cRGDyPK was
found to be negative and decreased upon peptide concentration increase. Specifically, upon
GRGDS immobilization, a peptide-brush thickness increase (in comparison to the swollen
thickness of the unmodified brush) of around ∼ 30 nm in mean value, was observed. In
the contrary, upon GRGDSPK and cRGDyK immobilization the peptide-brush thickness
strongly decreased (i.e. up to ∼ 30 nm decrease was here observed). This phenomenon
is presumably attributed to the crosslinking of the polymer brushes upon reaction of
more than one, available NH2 groups of the GRGDSPK and cRGDyK peptides with two
neighboring reactive COOH groups of the PAA brush. As previously discussed (section
11.1.1; figure 11.5), it is assumed that the Arg- NH2 of the GRGDS side chain is not
reactive at 25 ◦C immobilization temperature. Along with the two NH2 groups present in
glysine (G) and arginine (R) amino acides respectevely, a third NH2 group in the lysine
(K) residue, is present in the sequence of linear GRGDSPK and cyclic cRGDyK. Hence,
it is highly possible that few NH2 present on glysine and lysine (G and K) amino acids on
the same peptide simultaneously react with two neighboring PAA chains and therefore,
the resulting combined layer thickness decreases due to crosslinking of the brush (see
schematic representation in fig. 11.2).
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Figure 11.8.: VIS-SE analysis of RGDs chemisorption on homo- PAA and binary
PNIPAAm-PAA polymer brushes; biomodified PAA brush: grey, PNIPAAm-
PAA 20:80 cyan, PNIPAAm-PAA 80:20 blue. Peptide concentration depen-
dent layer thickness change after RGDs chemisorption into the brush (left),
and respective refractive index of the brush-peptide combined layer (right).
Biomodification of polymer brushes and quantitative estimation of the cova-
lently bound amount for GRGDS (a, a’) GRGDSPK (b, b’) and cRGDyK
(c, c’)
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Figure 11.8 a’-c’ shows the respected immobilized RGDs amount. It could be concluded
that with increasing PNIPAAm presence in the brush layer, less RGDs amount was im-
mobilized on the surface. Moreover, a higher amount was found for increasing initial
RGDs loading concentration. The plateau observed at higher concentrations denoted ap-
proximated surface saturation. Yet, absolute saturation values were not entirely reached
for any investigated concentration. Nevertheless, according to related published studies,
the investigated densities are found to be effective for sufficient cell adhesion on various
surfaces.314,315 Comparing the RGDs surface density between the three RGD-containing
peptides, a similar but not identical ΓRGDs (mg/m
2) amount was found. Maximum im-
mobilized amount was noted in case of cyclic cRGDyK and it was found to be close to
ΓRGDs ∼ 20 mg/m2, closely followed by GRGDSPK and finally by a smaller amount
for the GRGDS peptide. For cyclic cRGDyK peptide the ΓRGDs plateau was rapidly
reached, denoting a high reactivity of the peptide towards the activated PAA brush (or
PNIPAAm-PAA) surface.
Direct comparison of HPLC to VIS-SE analysis HPLC has been applied in order to
quantify the immobilized amount of RGDs on PAA and PNIPAAm-PAA brushes and the
results were compared to modeled peptide amounts estimated via VIS-SE. The results
shown in figure 11.9 are mean values from n = 3 experimental rounds and the error bars
are representative standard deviations (SD). The resulting ΓRGDs (mg/m
2) was found to
be comparable for both techniques. As expected, by increasing PNIPAAm percentage into
the brush layer, ΓRGDs decreased. Moreover, cRGDyK showed the highest immobilization
efficiency; whereas, smaller amounts of GRGDSPK and GRGDS were found to covalently
bind onto the brush surfaces, respectively.
The resulting outcomes of both techniques are found to be in the same range resulting
in comparable amounts of incorporated peptides. In most investigated cases, VIS-SE was
found to result in slightly bigger values than HPLC analysis. However, this was not univer-
sally observed. It can be concluded that the results of the two techniques are adequately
comparable. The small variations are resulting from the substantial differences in the
analytical approximation. In particular, despite the identical biomodification procedure
(i.e. activation, covalent binding and rinsing conditions), the analysis of the results is in
each case approximated through different principles.
High performance liquid chromatography (HPLC) is a technique used to separate com-
pounds that are dissolved in solution. For that, the bonds in peptide sequence were broken
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down to single amino acids by acidic hydrolysis. Following the separation procedure, the
single amino acids were detected by their fluorescent signal and were quantified using
external standards. Hence, reverse phase HPLC directly estimates mass of the peptide
compounds in solution. From the other hand, ellispometry ’reads’ changes in the polar-
ization of light upon biomolecular incorporation onto the surface. These changes can be
translated into thickness and refracted index variations which can be further modeled to
give answers about the precise peptide amount per brush surface area.
Figure 11.9.: Quantitative analysis of RGDs immobilization on polymer brushes. (a) Im-
mobilization of GRGDS on PAA (grey), PN-PAA 20:80 (cyan) and PN-PAA
80:20 (blue) brushes. (b) immobilization of GRGDSPK and (c) cRGDyK on
respected homo- and binary polymer brushes.
It can be concluded that both HPLC and VIS-SE results are almost in agreement, which
makes the validity of the quantification approximation through VIS-SE modeling, quite
high. It is worth to mention, that no better concurrence between the two techniques could
be found in the literature, with respect to determination of incorporated biomolecular
quantities on polymer surfaces.316
An attempt to theoretically approximate the immobilized biomolecular amount per PAA
chain is presented in the Appendix, section B.2. Unfortunately, the issue was not exper-
imentally assessed (e.g. by titration, or colorimetric assay), and therefore the presented
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calculations are only a rough estimation.
11.2.2. Temperature sensitivity
The response of the RGD-modified brush layers upon temperature changes was tested
via in situ VIS-SE. Temperature steps of 0.5 ◦C were set, and the experiments were per-
formed from 15 ◦C to 45 ◦C. Three entire heating-cooling cycles were tested and only
one is here presented; marked with arrows which show the heating and cooling direction.
Figure 11.9 a, b and c show thickness changes of the GRGDS, GRGDSPK and cRGDyK
functionalized homo- PAA and binary PNIPAAm-PAA brushes, respectively. The tem-
perature responsive swelling was tested in PBS buffer, in order to resemble physiological
conditions.
It was generally observed, that only the RGD-modified brush with high PNIPAAm con-
tent retained its thermal sensitivity after RGDs biomodification (i.e. RGDs-PNIPAAm-
PAA 80:20). For RGDs-PAA functionalized brushes the polymer chains increased in thick-
ness upon temperature increase due to thermal motion of the chains. When cooled, the
brush layer returned almost at the same thickness levels, with an observed small hystere-
sis; leading to slightly higher thickness (i.e 1 to 3 nm). It is assumed that RGD-modified-
polymer reorientation occurs upon heating of the sample surface. Accordingly, due to
steric hindrance the exact same molecular packing, or the initiate brush layer thickness
does not reappear. For the RGDs-PNIPAAm-PAA 20:80 brush, almost no conformational
changes are observed. Again, the RGDs-PNIPAAm-PAA 80:20 presents a thickness change
hysteresis. After the end of the heating-cooling cycle, the brush returns to higher thickness
than the initial (here, 3 to 5 nm). The phenomenon can be attributed to reorientation of
the modified brush upon heating, and also possible hydrogen bonding formation between
the amide groups of the PNIPAAm component and the hydrogen groups present at the
RGDs molecular structure.
Generally, the RGD modified binary brush PNIPAAm-PAA with 80:20 ratio retained its
thermal sensitivity to a certain extend, which is not directly comparable to the thickness
change of the unmodified PNIPAAm-PAA 80:20 brush, (figure 10.2a1;blue, section 10.1).
Compared to the change in swollen thickness from highly swollen and extended; below
LCST, to collapsed; above LCST, conformation of unmodified brush ∆dunmodified = 22
± 3 nm, the peptide-modified brushes showed a change of ∆dGRGDS = 13 ± 3 nm,
∆dGRGDSPK = 10 ± 3 nm, ∆dcRGDyK = 11 ± 3 nm respectively. This denoted a ∼ 60
% retained temperature sensitivity; which, is a promising switching performance at the
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nanometer range where cellular and protein receptor interactions become important.
Taken together, the RGDs biomodified brush with PNIPAAm-PAA 80:20 composition is
promising for further temperature controlled tissue culture applications, since the retained
temperature sensitivity together with the sufficient peptide surface density are expected
to affect cell adhesion, favorably in a stimuli responsive manner.
Figure 11.10.: Temperature sensitivity of functionalized with RGDs homo- PAA and bi-
nary PNIPAAm-PAA brushes. (a) Functionalized PAA (grey), PN-PAA
20:80 (blue), PN-PAA 80:20 (cyan) with GRGDS, (b) functionalized brushes
with GRGDSPK and (c) functionalized brushes with cRGDyK.
11.3. Summary
Despite the numerous publications that are dealing with RGD incorporation on polymer
thin layers,141,142,142,143,143,144 this is the first time that detailed studies on RGD biofunc-
tionalization of ’grafted-to’ polymer brushes are being introduced.
As described in the first part of this chapter, the homo polymer PAA brushes were
successfully biofunctionalized with the GRGDS cell adhesion peptide. The immobilization
procedure was based on the EDC/NHS corbodiimide chemistry. NHS esters are reactive
groups towards NH2. They are products of carboxylate activation by EDC molecules.
NHS ester-activated residues react with primary amines in slightly alkaline conditions to
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yield stable amide bonds.
The covalent binding of the GRGDS on PAA brushes was optimized by means of ATR-
FTIR spectroscopy. The effect of experimental parameters such as reaction time and
temperature, as well as activation and conjugation buffer and pH were found to strongly
affect the covalent binding of the GRGDS on the polymer brush surface. In particular,
pH 6 was chosen for activation, as the dissociation of the COOH groups is preferable for
maximum activation performance. At this stage, phosphate buffer was eliminated, since
the phosphate groups act as competitive inhibitors during EDC activation. Therefore,
MES buffer was used for the activation of the PAA brush. For the covalent binding
step, the borate buffer with pH 8 was found to prevail over the PBS buffer. Importantly,
maximum peptide conjugation was obtained for longer times (16 hours) and at 25 ◦C. In
particular, the temperature had a strong effect on the reactivity of the GRGDS towards
the activated brush. It was found that at lower temperatures (4 ◦C) the combined peptide-
brush thickness was lower than the thickness of the swollen brush. The phenomenon was
presumably attributed to the reactivity of the side chain - NH2 group of the peptide,
presented by the arginine (R) amino acid. At low temperatures, where the diffusion of the
peptide and molecular motion of the polymer chains are slow; presumably, some peptide
molecules might react through their NH2 groups with two neighbor PAA chains, which
results on polymer brush crosslinking and decrease of combined peptide-brush swollen
thickness. After the completion of the EDC/NHS optimization procedure, an overall 78
% increase in conjugation efficiency of the GRGDS peptide was achieved, based on the
sum of Amide I and Amide II band intensities, resulting after GRGDS covalent binding.
The optimization procedure was analyzed by ATR-FTIR analysis of dry modified PAA
brushes.
Subsequently, an in situ dynamic ATR-FTIR analysis of the GRGDS chemisorption
on the PAA was investigated, and the dynamic changes of the surface were discussed
based on the appearance or disappearance of carbonyl stretching vibrations. The kinetics
of EDC/NHS activation were recorded as the intensity of the NHS-ester was increasing.
During the covalent binding of the peptide, the NHS-ester intensities started to gradually
decrease; whereas, the Amide I and Amide II bands steadily increased, denoting successful
GRGDS immobilization on the PAA brush surface.
The optimized EDC/NHS immobilization procedure was used for the immobilization of
three RGDs containing peptides on PAA and on temperature responsive binary brushes
with two different polymer ratios; the PNIPAAm-PAA 20:80 and PNIPAAm-PAA 80:20.
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In addition to the GRGDS peptide, a longer linear GRGDSPK peptide as well as a cyclic
cRGDyK peptide were successfully immobilized on the polymer brushes. It is discussed,
that besides the retained specificity of cell adhesive function of these peptides, the masking
of the C-terminus by additional amino acids results in increased peptide activity. More-
over, the synthetic cyclic RGD-containing peptide is proved to be particularly active as
well as sustainable towards proteolytic degradation.
The immobilization of the RGDs containing peptides was qualitatively followed by in
situ dynamic ATR-FTIR spectrometry. The successful covalent binding of the RGDs pep-
tides on the brush layers was proved by the appearance, or the intensity increase in case of
PNIPAAm containing brushes, of the Amide I and Amide II bands after immobilization. A
comparison of the normalized Amide I band intensities showed that as PNIPAAm content
in the brush layer increased, the covalently bound RGDs amount decreased. Moreover,
the cyclic cRGDyK peptide showed higher immobilization efficiency than the GRGDSPK
and GRGDS peptides respectively.
Figure 11.11.: Schematic representation of temperature sensitive cell adhesion on RGDs
modified brushes.
The trend of the qualitative comparison of the RGDs immobilization efficiency on the
homo- and binary brushes was found to be in agreement to the quantitative analysis
performed by VIS-SE. Here, a peptide concentration dependent analysis was conducted for
the three RGD-containing peptides. For all peptides and all brush systems, the refractive
index of the combined layer was found to increase with increased peptide concentration
in the immobilization solution. This denoted an increase in immobilized peptide amount,
which was probably penetrating the brush layer, since the brush grafting densities and
the RGDs dimensions allow for molecular invasion. Interestingly, the addition of the
GRGDS peptide resulted in a thickness increase of the combined brush-peptide layer.
In the contrary, the combined brush-peptide layer decreased after addition of the linear
GRGDSPK and cyclic cRGDyK peptides. Here, the observed phenomenon was explained
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by possible crosslink of the brush after reaction of one peptide, having at least two reactive
NH2 groups, presented by the glycine (G) and lysine (K) amino acids, with two neighbor
PAA chains. According to the analysis of the temperature effect on the covalent binding
procedure, the NH2 group of the arginine (R) amino acid is probably not highly reactive
towards activated COOH groups under these conditions (i.e. at 25 ◦C)
Quantitative analysis of RGDs immobilization on PAA and PNIPAAm-PAA brushes was
additionally performed by means of reversed phase HPLC. The results were statistically
analyzed for repeated experimental cycles, and compared to VIS-SE. The obtained results
were found to be very close for both techniques, despite the differences in the respected
analytical approximations. Therefore, the validity of the followed modeling approximation
for the estimation of the peptide amount via VIS-SE analysis, was emphasized.
Finally, the temperature sensitivity of the biomodified peptide-brush layers was investi-
gated by means of in situ VIS-SE. Only the peptide modified layers with 80:20 PNIPAAm-
PAA ratio were found to retain up to 60 % thermal sensitivity, compared to the unmodified
brush of the same polymer ratio. This translates to a horizontal ’up-and-down’ layer mo-
tion for about 10 to 16 nm, during a heating-cooling cycle. The particular stimuli induced
translocation of the active immobilized adhesion cites, should be in the range of the needed
translocation in order to trigger functional cell adhesion or release via specific interactions
of cell transmembrane integrin proteins with the brush immobilized RGDs peptides157,317
(figure 11.11).
By immobilization of cell recognition motives on the brush surface, primary control
on cell -surface interactions is expected. Conclusively, the biofuctionalization of polymer
brushes could be performed and analyzed in detail, in order to control spatial distribution
and surface density of the peptide molecules, by choosing the grafted brush composition
(i.e. analogy of the polymers in the binary brush). Besides, a precise control on the
nanometer ranged combined layer thickness could be achieved by choosing the appropriate
peptide sequence with one or more reactive NH2 groups in the amino acid sequence.
Along with the spatial distribution and vertical availability of the functional cell adhe-
sion motives, temperature changes ought to regulate cell affinity to the brush surface. The
RGDs-PNIPAAm-PAA (80:20) system is a promising stimuli responsive bio-functionaly
surface coating for cell adhesion applications. The particular biomimetic surface could
possibly best provide biological cues in order to elicit specific cellular responses and dic-
tate cell function and fate. The response of the biomodified layers on temperature changes
from the conventional cell culture temperature (i.e 37 ◦C) to room temperature (i.e. 25
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◦C) will allow for stimuli surface alteration from cell adhesive to cell repelling. Moreover,
along with cell adhesion and matrix deposition, the established RGDs modified brush sys-
tem is expected to affect and ideally stimuli control- spatial cell arrangement, viability,
migration and proliferation.
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Factor modified polymer brushes
12.0.0.1. Objectives
In this chapter, the surface biofunctionalization of polymer brushes with hepatocyte (HGF)
and basic fibroblast growth factor (bFGF) and the effect on two different cell types is
discussed. Growth factors (GFs) were incorporated on the polymer brushes through two
different approaches; the adsorption via electrostatics (physisorption) and the covalent
binding of the GFs via EDC/NHS chemistry (chemisorption), (figure 12.1).
Figure 12.1.: Illustration of the scope of this thesis chapter: PAA polymer brushes were
biofucntionalized with HGF and bFGF growth factors. Biomolecule incorpo-
ration on the brush layers was performed via physisorption or chemisorption.
Subsequently, the effect of HGF-PAA brushes was examined in relation to
HepG2 cell line, and the effect of bFGF-PAA brushes was examined in rela-
tion to mESCs culture.
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Along with the investigation of GFs incorporation on homo- PAA brushes, temperature
responsive binary brushes were also biofunctionalized. Hereby, the regulation of the immo-
bilized and released amount, by the introduction of a second component in the brush layer
was emphasized. However, cell culture experiments on the GFs-PNIPAAm-PAA system
is beyond the present discussion.
The second section of the chapter is divided into two discreet parts. In the first part,
cell culture studies on HGF-PAA surfaces are considered. Hepatocellular carcinoma cells
(HepG2) are cultured on the biomodified brush surfaces, and the effect on the inhibition
of tumor outgrowth is investigated. In the second part, mouse embryonic stem cells
(mESC) are initially cultured on bare polymer brushes and are tested with respect to
their pluripotency maintenance. The bFGF modified PAA brushes are investigated with
respect to their effect on mESCs differentiation. A combination of soluble Activin A
protein, together with the physi- or chemisorbed bFGF on the brushes is used in order to
direct mESC differentiation into endoderm cells.
12.1. Biomodification of polymer brushes with growth factors
12.1.1. Incorporation of growth factors
The polymer brush surface was successfully biofunctionalized with either human hepato-
cyte growth factor (HGF) or basic fibroblast growth factor (bFGF) using two different
approaches (i.e. physi- or chemisorption). Adsorption of the growth factors on the brush
was performed for solutions with three different initial concentrations, 1 µg/ml, 0.5 µg/ml
and 0.1 µg/ml.
The physisorption of GFs on the PAA brush is based on ionic attraction between the
oppositely charged GF molecules and PAA brush. At physiological conditions (PBS solu-
tion) with pH 7.4, the net charge of the GF molecules is positive and that of the PAA brush
is negative. Particularly, the corresponding GF isoelectric points are pIHGF = 7.9
318 and
pI bFGF = 9.6
318 and the pI PAA = 3.2 (see section 10.1, fig.10.4). According to in situ
ATR-FTIR and VIS-SE analysis of the swollen PAA brush, almost all COOH groups are
expected to be dissociated under these conditions. The PAA brush is highly negatively
charged (Zeta potential = -50 mV) and the swelling reaches maximum possible thickness
values (dswollen = 75.0 ± 7.2 in PBS; e.g in fig. 10.2). As a result, the tendency of the GF
molecules to adsorb via electrostatics (physisorption) on the PAA brush surface is quite
high and a big physisorbed amount is expected to be incorporated to the brush.
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Figure 12.2.: Adsorbed GF amount on polymer brushes estimated by respected ELISA
assays. (a1) Physi- and chemisorbed HGF amount on PAA brushes, and (a2)
on PNIPAAm-PAA brushes. (b1) Physi- and chemisorbed bFGF amount on
PAA brushes, and (b2) on PNIPAAm-PAA brushes.
The chemisorption refers to the covalent attachment of the HGF and bFGF on the
PAA poylmer chains via chemical bonds. Therefore, the COOH groups were activated
via carbodiimide chemistry (EDC/NHS immobilization) in order to create readily reactive
brush surface towards primary amines (NH2) of the GFs. Here, the optimized protocol
presented in chapter 11 was used. This type of PAA brush biofunctionalization is expected
to yield surfaces with constant solid state presentation of GFs with minimal amide bond
dissociation rates.
Figure 12.2 shows the amount of the physi- and/or chemisorbed HGF and bFGF on the
homo- PAA (fig. 12.2 a1, b1) and binary PNIPAAm-PAA 80:20 (fig. 12.2 a2, b2) polymer
brushes, which was quantified by two individual sandwich ELISA assays specific for each
GF. In order to quantify the binding performance of the GFs, the context of the solution
after overnight incubation as well as the washing solution was determined and finally
subtracted form the initial loaded amount. Only small quantities of unbound GFs were
detected in case of PAA brushes; whereas, slightly greater unbound GFs where detected
in case of PNIPAA-PAA brushes for both physisorption and chemisorption procedures.
Generally, the incorporation of increasing GFs’ initial loading led to higher adsorbed
127
12. Cell culture investigation on Growth Factor modified polymer brushes
amounts.
For the physisorbed HGF on PAA brushes (fig.12.2 a1) in case of maximum initial
loading; 1,0 µg/ml, 29,51 µg/cm2 were found to adsorb. The particular GF surface den-
sity corresponds to 93,48 % binding efficiency. For the same loading via chemisorption,
20,85 µg/cm2 were bound which corresponds to 66,05 % binding efficiency. The bFGF
adsorption showed the same trends with electrostatic attraction being more effective than
covalent binding, but in this case the difference was not that prolonged (fig.12.2 b1). For
the highest initial loading, the physisorbed amount was 23,26 µg/cm2 which translates to
73,68 %; whereas, 20,12 µg/cm2 covalently bound bFGF was found, which translates to
63,75 % binding efficiency. Electrostatic attraction resulted in very high amounts com-
pare to covalent immobilization, probably due to unspecific adsorption and therefore, close
packing of the GF on the brush surface.
Corresponding GF incorporation into binary PNIPAAm-PAA brushes, showed almost
the same trends with slightly lower incorporated amounts. Since the initial loaded molec-
ular GF amount was much lower than the spatially and chemically available adsorption
cites on both PAA and PNIPAAm-PAA brushes, no significant variations with respect to
incorporated GF amount were observed. Particularly, for all initial loadings more than
∼85 % HGF physisorbed, and more than ∼60 % HGF chemisorbed, (fig.12.2 a2). In both
cases, the adsorption percentage increased with decreasing incorporated amount. In case
of bFGF, a different scenario was observed. Here, the bFGF chemisorption showed higher
affinity than the bFGF physisorption, (figure 12.2 b2). The percentage of the adsorption
on the PNIPAAm-PAA brushes was more than ∼55 % in case of physisorption and more
than ∼65 % in case of chemisorption.
Taken together, GF amounts in the same range, were physicaly or chemicaly incorpo-
rated on the PAA and PNIPAAm-PAA brushes. In almost all cases, except of bFGF-
PNIPAAm-PAA, the physisorbed factors showed higher affinity on the brush substrate.
Moreover, the incorporated amount was regulated by variations of initial loading concen-
trations and brush composition.
12.1.2. Release of growth factors
Release of both GFs was tested after physi- and/or chemisorption on PAA and PNIPAAm-
PAA polymer brush surfaces, figure 12.3.
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Figure 12.3.: Weekly release of HGF and bFGF from PAA (left) and PNIPAAm-PAA
(right) polymer brushes. Three initial loading concentrations were tested: 0.1
µg/ml, 0.5 µg/ml, 1.0 µg/ml for physisorbed (a1, a2, c1, c2) and chemisorbed
(b1, b2, d1, d2) HGF and bFGF respectively.
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Following overnight adsorption, GFs were let to release at physiological conditions (PBS
release medium, at 37 ◦C). Individual release medium were subsequently analyzed with
corresponding ELISA assays. Samples were collected at different time integrals starting
from 2 hours up to 7 days.
As a general observation, the released amounts after GF physisorption (fig.12.3 a1,a2,
c1,c2) were as expected, much higher than the released GFs after chemisorption (fig. 12.3
b1,b2, d1,d2). Interestingly the released GF amount after physisorption on PNIPAAm-
PAA brushes was a bit less than on homo- PAA brushes. As mentioned, the release
experiments were performed at physiological conditions where the PNIPAAm polymer
component is at collapsed conformation (above LCSTPNIPAAm ∼ 30◦C). According to
published investigations on complex pH- and temperature swelling of binary brushes of
similar grafting densities,6 a complex swelling behavior, due to inter- and intra- molecular
interactions is proved. It seems that, under these conditions, the combination of the
two polymer components slightly hinters the release of the physisorbed HGF and bFGF
molecules. This might be attributed to increased hydrophobic interactions between the
binary brush surface and the GF molecules.
Another common feature for all investigated GF-brush systems, is the high release
during the first hours or days, and the subsequent steady release after the 2nd or 3rd day.
It can be therefore discussed that the particular biomodified polymer brushes are suitable
surface coatings for controlled release of growth factors in cell culture medium. Moreover,
the released amount can be adapted to the applicational needs by adjusting the initial
GF loading concentration, the GF incorporation method and/or the brush composition.
Therein, the cumulative release of all samples, for lowest incorporated GF concentration
(0.1 µg/ml) was close to zero, with a maximum initial burst of less than 0.05 ng to 2 ng
per sample. For the two higher initial loadings of 0.5 µg/ml and 1,0 µg/ml the outcome
of the GF release was respectively a lot higher, figure 12.3.
In principle, general variations could also be observed between the cumulative release of
HGF (fig.12.3 a1,a2, b1,b2) and bFGF (fig.12.3 c1,c2, d1,d2). Essential differences with
respect to release magnitude were observed, with bFGF releasing in higher amounts after
both physisorption as well as chemisorption. In particular, although relatively low HGF
amounts were found to release after physisorption, approximately 5 folds higher bFGF
released over a weekly time frame. Even more interesting, the observed release after GF
chemisorption. Here as expected, almost zero HGF amount was released from PAA brush
(fig.12.3 b1), with some marginal HGF release, recorded during the first hours in case
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of PNIPAAm-PAA brush, (fig.12.3 b2). In contrast, the released amount after bFGF
chemisorption on PAA homo- brushes was found to be up to 10 folds higher, and from
PNIPAAm-PAA up to 4 folds higher than that of HGF. In case of bFGF, the Amide bonds
between GF and PAA brush were stable for the first two days. Two are the most possible
explanations on this phenomenon. A possible alongside physisorption of the bFGF might
took place. Nevertheless, the physisorbed amount might not be significant since during the
activation of dissociated carboxylic groups most of the surface charges vanish (i.e. COO−
turns into succinimide ring). According to a second possibility, hydrolysis of the Amide
bonds319,320 and dissociation of the bFGF from the brush might occur. The recorded
results prove a burst release on the third day, for most of the bFGF-chemisorbed samples.
It is possible, that due to the size and shape of bFGF the released molecules were initially,
not tightly bound to the brush. Along with the presented investigations, H. Layman et
al. had previously reported release of bFGF after EDC/NHS mediated covalent binding
onto gelatin-based hydrogels.321
In conclusion, almost all physisorbed bFGF amount (99,6 % for 1.0 µg/ml ) was released
in media after 7 days, in contrast to the release of physisorbed HGF after the same period
which was only 19,5 %. Besides, almost no release of chemisorbed HGF was found during
the course of one week. When in fact, up to 50 % bFGF from PAA and up to 30 % bFGF
from PNIPAAm-PAA was found to release after bFGF covalent binding.
12.2. Cell studies
The cell studies were performed in cooperation with the master student Ms. Elena Foster,
under the supervision of Prof. Dr. A. Revzin, at UD Davis; California.
12.2.1. Effect on hepatocellular carcinoma cells
Cell experiments with HepG2 were performed in order to test the effect of biomodified
HGF-PAA polymer brushes. The main focus was on the potential difference in bioactivity
between the physisorbed HGF-PAA and chemisorbed HGF-PAA surfaces. Since certain
effects of known concentrations of HGF on HepG2 cells have been well studied in liter-
ature,190,191,322,323 the present study aimed at performing the same assays and checking
the bioactivity and bioavailability of the growth factor in the PAA-brush system. HepG2
cells have an over-expression of HGF receptor the protooncogene c-Met.191,323 In an in-
dependent pathway, soluble HGF has been shown to have anti-proliferative and scattering
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effects on these cells.322
Figure 12.4b shows the adhesion of the HepG2 cells on all investigated surfaces (grey).
HepG2 cells seeded well on PAA brushes, at about 65% of the TCPS control for PAA
brushes and physisorped HGF-PAA brushes. This was expected since HEpG2 cells adhere
very well to TCPS in serum-containing media, and PAA brushes (25 kDa) most probably
do not adsorb as much of the serum proteins as TCPS. Interestingly, for chemisorbed
HGF-PAA samples, the seeding density was the same as for TCPS surfaces. This could be
explained by the regulatory HGF present at the surface. After adhesion studies, viability
of HepG2 cells on brushes was also tested, figure 12.4. All samples showed around 95%
viability, both controls and PAA brushes of all 3 groups (fig. 12.4a and b in green). Thus,
it can be concluded that PAA brush surface does not disturb cell viability, but it does
partially diminish cell seeding density. Nevertheless, HGF immobilization increases cell
number on the brush surface.
Figure 12.4.: HepG2 adhesion and live/dead assay on HGF-modified PAA brushes. (a)
Live/dead immunostaining with green staining; live and red staining; dead
cells. Controls are on the left side: A1 - TCPS plate with no HGF, A2
- TCPS plate with soluble HGF, A3 - PAA brush with no HGF. HGF-
containing samples are on the right side: A4 - PAA soluble HGF, A5 -
physisorbed HGF on PAA, A6 - chemisorbed HGF on PAA. Scale bar is
200 µm. (b) Cytometric evaluation of adhered cells on control substrates
and HGF-modified PAA. Values are normalized to number of HepG2 cells
adherent on TCPS plate. Adhered cells were counted on day 0. Cell viability
is presented as percent live cells of total cell number as was taken at day 2.
One of the most prominent effects that HGF is known to have on the HepG2 cells, is
scattering. Starting with very low concentrations of soluble HGF (often at 5 ng/ml and
less),190,324 HepG2 cells dissociate from their colonies and acquire a scattering phenotype.
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Dissociation from the colony is accompanied by migration of cells away from the cluster,
by way of formation of lamellipodia, extension of cell membrane and a spindle-shaped,
fibrotic phenotype. The scattering phenomenon is associated with the fact that HGF
induces invasiveness of carcinoma cells and contributes to metastasis formation of existing
tumors.
Figure 12.5 shows results of cell scattering studies. Without HGF, on both TCPS and
PAA brushes the cells are rounded and are seen in groups, as they proliferate and form
regularly-shaped colonies (fig. 12.5 A1-A3). Even at 5 ng/ml of soluble HGF (A2), the
TCPS sample in figure 12.5 does not show significant phenotype changes. This particular
concentration was used as a control, since 5 ng/ml is approximately comparable to the
average amount released per sample from the physisorped HGF on PAA brushes. At
concentrations of 25 ng/ml HGF soluble in medium, the cells did scatter on TCPS (data
not shown).
Figure 12.5.: HepG2 immunostaining shows the scattering effect of HGF on HepG2 cells.
Nuclei are stained with DAPI (blue) and cytoskeletal F-actin filaments are
rhodamine-phalloidin labeled (red). A1 - TCPS plate, A2-TCPS with solu-
ble 5 ng/ml HGF, A3 - PAA brushes without HGF, A4 - PAA brushes with
soluble HGF, A5 - PAA brushes with physisorbed HGF, A6 - PAA brushes
with chemisorbed HGF. Scale bars 50 µm.
Interestingly, 5 ng/ml soluble HGF was enough to induce a migrating phenotype of cells
seeded on PAA brushes (fig 12.5 A4), showing that possibly cells were more responsive to
HGF when seeded on the brushes. Moreover, it could be that when seeded on the brush,
cells had more accessibility to soluble HGF. The main samples under study were the
chemisorbed and physisorped HGF-PAA brushes (fig. 12.5 A5, A6), and the cells on them
clearly showed an invasive phenotype and scattered away from the colonies. This clearly
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demonstrates that the HGF that was immobilized by covalent or physical interactions on
the PAA brushes remained biologically active and available to the cells, in enough amounts
to elicit a scattering response.
Besides the effects on cell migration, HGF also mediates the gene expression of a multi-
tude genes. Here, effects on few genes were tested for immobilized growth factor on PAA
brushes and were compared to its soluble form (control sample). It has been shown that
HGF downregulates both albumin and AFP production and gene expression in HepG2
cells,325 and upregulates HIF1 expression.326 The two mechanisms are unrelated and the
genes are expressed through different signaling pathways. Therefore, they were chosen in
order to prove on bioactivity and biospecificity of HGF-PAA modified surface. Albumin
and AFP gene expression is shown in figure 12.6 (a). For control samples of soluble HGF,
25 ng/ml was added to the media every day, and cells were tested on day 3. All samples
are normalized to TCPS values.
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Figure 12.6.: Effect of HGF modified PAA brushes on HepG2 fate. (a) Down regula-
tion of albumin and AFP genes by HGF in PAA-brush and control sam-
ples. (b) HGF effects on over-expression of HIF1 gene in HepG2 cells shown
in control and PAA-brush samples. (c) Growth arrest of HepG2 cells by
HGF-functionalized PAA brushes. Cell proliferation results over 6 days.
The highest proliferation inhibition is shown for chemisorbed HGF on PAA
(pink diamonds). Graph results are shown as mean value of n=3 individual
samples.
As expected, all samples with HGF either soluble or immobilized showed decreased gene
expression for both genes, since they are both regulated by the AFP enhancer gene which
is downregulated by HGF.326 Interestingly, the AFP gene expression values are similar
for chemisorbed PAA brushes and soluble PAA brushes and soluble TCPS values. This
indicates, once again that the HGF immobilized on the brushes, covalently and physically,
is both available and active in controlling gene expression pathways along its signaling
mechanism. Furthermore, a much smaller total amount of HGF on the brush surface
elicits the same response than a higher soluble amount. This fact is confirmed by a similar
effect in HIF1 gene expression studies (figure 12.6 b). In normoxic conditions, HIF1 is
overexpressed by HGF in soluble form,327 and as seen from the figure, also in immobilized
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form on the PAA brush. A similar effect is observed, where PAA with chemically adsorbed
HGF has a similar, and slightly higher, gene expression to samples of TCPS or PAA where
HGF was added in the medium in much higher amounts.
Another effect of HGF on HepG2 cells that is widely known is growth arrest (i.e. control
over proliferation), which is thought to be independently regulated.328 HGF is reported
to inhibit proliferation of these cells in a dose-dependent manner, which has been used as
a HepG2 target for several in vivo treatment developments.329,330 Growth arrest effects
are shown in figure 12.6 c. One can see that cell numbers start to decrease compared
to the control already on 2nd day of culture. The proliferation rates seem similar for
cells on brushes and TCPS without any HGF at all, and cells keep proliferating until
day 6 of culture. In the HGF-containing samples, cells have a lower proliferation rate.
Interestingly, the most dramatic proliferation inhibition was caused by chemisorbed HGF
on PAA brushes, very similar to the TCPS sample that had an additional 10 ng/ml of
HGF in the medium. This effect is remarkable, since the amount of HGF released from the
chemisorbed HGF-PAA samples is minimal, especially compared to the soluble amount
added each day to the medium. It could be that the cells are continually exposed to the
immobilized HGF on the surface of PAA brushes and are able to use it for the initiation
of the growth-arrest signaling cascade.331,332 Another possible explanation is the better
maintenance of HGF structural integrity after immobilization.331,332
Conclusively, biomodified HGF-PAA brushes were proved to be functional since they
were able to regulate HepG2 cell fate. Chemisorbed HGF on PAA was found to be
the most active. As previously discussed in the literature,331,332 the phenomenon was
explained by the long term availability of the growth factor, successful exposure and
preserved bioactivity due to protection from internalization and enzymatic degradation .
12.2.2. Effect on mouse embryonic stem cells
Mouse embryonic stem cell studies have been performed on biomodified bFGF-brush sur-
faces. The aim of these experiments was to examine the bioactivity and biospecificity of
the brush substrates. Similar to the HGF biofunctionalization, two different approaches
were here followed, the physisorption and chemisorption of the bFGF.
Initially, adherence of mESCs onto the polymer brush surfaces was investigated. Con-
ventionally, embryonic stem cells are cultured on underlying ECM molecules (i.e. collagen,
fibronectin) that are preadsorbed on the surface. Interestingly, PAA incubated with serum-
containing medium was found to be an appropriate system for cell adhesion (figure 12.7
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a). For TCPS samples, presence of soluble bFGF in the medium did not change numbers
of adherent cells, and the situation was similar for PAA samples. Presence of immobilized
bFGF on the PAA brushes or in the medium did not have an effect on cell adhesion to
the brushes. Overall, about 45% less cells attached to the PAA surfaces compared to
fibronectin-coated TCPS (i.e. most optimal condition). Nevertheless, the adherent cells
were enough to proceed with cell experiments.
Pluripotency is the capacity of a stem cell to retain its phenotype, and its ability to
differentiate into almost any cell in the body under controlled circumstances. In stem cell
research, this issue is a primer prerequisite, and the ideal conditions for pluripotency main-
tenance should be met. In that end, mESC behavior on unmodified PAA and PNIPAAm-
PAA brushes was analyzed in medium that is consistently pluripotency-maintaining in the
presence of mouse embryonic feeder cells (figure 12.7).
Gene expression profiles were obtained for 3 main pluripotency genes: Oct3/4, Nanog
and Rex1. The sample cells ’c’ on feeders was analyzed as control (i.e. optimum); which
as expected, showed the highest gene expression (figure 12.7 b). From the other hand, the
sample cells ’c’ on gelatin, which are known to spontaneously differentiate in the absence
of feeders (i.e. negative control) showed the lowest pluripotency gene expression. All
gene expression values were normalized to the latter samples. The main focus was on
cultivation of cells on PAA brushes and binary PN-PAA brushes (figure 12.7b PN-PAA
and PAA). These two groups showed an impressive trend: pluripotency gene expression
values were higher for these cells compared to the gelatin control by 2.5 to 5 times. This
results are consistent with bright field microscopy analysis; where, mESC colonies on
brushes showed a rounded morphology and formed tighter aggregates. This morphology
is very different from monolayer structures seen on gelatin and more similar to pluripotent
colony morphology seen on feeder cells. The fact that mESCs maintained pluripotency
better on brushes could be due to the elastic modulus (soft matter of the polymer chains)
of the brush surfaces, since it has been shown that softer surfaces promote undifferentiated
phenotype.333,334 Further studies are needed to investigate the nature of this phenomenon.
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Figure 12.7.: Effect of bFGF modified PAA brushes on mESC cell fate. (a) Attach-
ment of cells to PAA brush surfaces, immobilized with bFGF and fi-
bronectin as control. (b) Pluripotency gene expression values for cells cul-
tured in pluripotency-maintaining medium on unmodified PAA brushes and
PNIPAAm-PAA brushes, gelatin (negative control) or feeder cells (positive
control). Results are normalized to the ’cells on Gelatin’ gene expression
fold. (c) Gene expression of endodermal markers of mESC cells maintained
on PAA brushes or fibronectin (control) in endoderm-induction medium,
with either soluble or immobilized bFGF.
Subsequently mESC cell studies were performed onto biofunctionalized PAA brush sur-
faces that had bFGF either covalently or physically immobilized on the surface. The
intention of further investigations was the controlled differentiation of stem cells into a
’developed’ cell type. As it has been previously discussed, bFGF had a different release
profile than HGF, with about ∼10 ng per brush sample released per day from either
the chemisorbed or physisorbed samples. This fact was used in endoderm differentiation
experiments, where bFGF is known to enhance differentiation in synergy with Activin
A protein. In that respect, cells were cultured in differentiation medium containing 50
ng/ml Activin A, and either immobilized to the brush or 10 ng/ml soluble bFGF added
to the medium (control sample). Gene expression levels of 3 endodermal markers on day
6 of culture are presented in figure 12.7 c. All sample data are normalized to the ’gold
standard’, which is currently mESCs on fibronectin.335 Foxa2 and Sox17 gene levels were
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similar to control for PAA brushes with soluble or physisorbed bFGF. Goosecoid, which
is a mesendodermal marker, was elevated compared to control for the PAA physisorped
bFGF group. Most interestingly, for the PAA brushes with covalently immobilized bFGF,
the highest levels of all 3 endodermal genes were observed. On average, these values were 3
times higher than the control. This finding suggests that possibly the bFGF is maintained
in its bioactive form longer on the brushes than in solution, or it is more available to the
cells. Probably, the local gradient that is establish with brush samples is more favorable
for bFGF bioactivity and signaling.
Taken together, it has been demonstrated that PAA polymer brush systems are an
adequate and at times superior system for cultivation of mouse embryonic stem cells and
their differentiation into endodermal progenitor cells. In particular, the chemisorption of
bFGF which resulted in slower release rates led to the most optimal results with respect
to control in stem cell differentiation.
12.3. Summary
Polymer brushes biomodified with growth factors were used as active cell culture sub-
strates. The brushes were functionalized with hepatocyte growth factor (HGF) and basic
fibroblast growth factor (bFGF). For the biomodification, two different approaches were
applied: physisorption (i.e. adsorption via electrostatics) and the covalent binding of the
growth factors; or else chemisorption. To the best of our knowledge, biofunctionaliza-
tion of ’grafted-to’ polymer brushes was introduced for the first time. A similar recently
published study by Okano et al. discusses the functionalization of P(IPAAm-co-CIPAAm)
thin film with Heparin molecules and subsequent incorporation of bFGF growth factors.145
It was proved that heparin-functionalized polymers were able to enhance cell proliferation.
Upon lowering of temperature below LCST, confluent cells detached from the surface as
a contiguous cell sheet.
Here, the regulation of the incorporated amount was achieved by altering the brush
composition, using homo- PAA brushes as well as PNIPAAm-PAA binary brushes with
80 % of PNIPAAm. Also, three different initial loading concentrations were used in order
to regulate the adsorbed GF amount. The physisorption was performed in physiological
conditions, and showed high GF incorporation yield. This was attributed to the favorable
pH conditions and high attraction between the oppositely charged growth factors and
PAA surface. The chemisorption was performed via EDC/NHS immobilization proce-
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dure, which was previously optimized for covalent binding of oligopeptides onto the PAA
brushes. This approach showed a comparable high immobilization yield.
The growth factor weekly release from the polymer brush surfaces, showed interesting
individual results. Only few HGF molecules released from PAA homo-polymer brush
after a week (19.5 %); whereas, slightly less amount was released from PNIPAA-PAA
after physisorption. Most chemisorbed HGF did not release from PAA brushes. Only
marginal HGF traces released from PNIPAAm-PAA, during the first day. On the contrary,
almost all physisorbed bFGF amount was released from PAA after weekly incubation,
independently on initial loading concentration. The released bFGF after physisorption on
PNIPAAm-PAA was found to be almost 1.5 folds lesser. Interestingly, up to 50 % bFGF
released from PAA brushes after covalent binding, probably due to hydrolysis of amide
bonding or due to physisorbed and/or loosely bound bFGF. The release after covalent
binding on PNIPAAm-PAA brushes was around 30 % of the initially incorporated amount.
The bioactivity of HGF modified PAA homo-polymer brushes was tested with respect
to hepatocellular carcinoma cell line (HepG2) response. In a first step, cell adhesion as
well as cell viability was tested on bare or GF-biofunctionalized PAA polymer brushes.
The adhesion of cells was found to be sufficient for further studies; whereas, the viability
of HepG2 was high for all tested samples. The scattering effect of the biomodified HGF-
PAA brush was tested by immunostaining in order to prove bioactivity of the surface. It
was found that both physisorbed and chemisorbed HGF remained biologically active and
available to the cells, causing an obvious scattering response. Besides, as an additional
surface bioactivity evidence, gene expression was investigated by means of real-time PCR.
As expected, albumin and AFP genes were down regulated; whereas, HIF1 was up reg-
ulated by the presence of HGF on the PAA brushes. Chemisorbed HGF was found to
have greater biological effect on HepG2 gene expression. Further, the HGF-PAA effect
on the proliferation of the tumor HepG2 cell line was tested. Impressively, biomodified
polymer brushes inhibited the growth of HepG2. In particular, chemisorbed HGF showed
the greatest effect on tumor growth arrest.
In order to define the effect of the bFGF biomodified PAA brushes, culture studies with
mouse embryonic stem cells (mESCs) were conducted. Initially, the mESC cell adhesion
on bare and biomodified polymer brushes was compared to the gold standard; fibronectin.
The mESC adhesion was found to be sufficient, but smaller than on fibronectin coated
tissue culture polystyrene (TCPS) surfaces. Interestingly, unmodified polymer brushes
were found assist in pluripotency maintenance, in absence of feeder cells. When combined
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to activine A, bFGF modified PAA surfaces resulted in guided differentiation of mESCs
into endoderm cells. The control over stem cell differentiation proved on the bioactivity
of the bFGF modified PAA brush and was found to be highly pronounced in case of
chemisorbed bFGF on the PAA.
The presented results prove that growth factor-functionalized polymer brushes might be
used as versatile bioactive cell culture substrates. In particular, covalent immobilization of
the growth factor molecules onto the brush substrate might liberate the biological response,
even with less growth factor than the amount in soluble culture media.
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12.4. Summary
Fabrication, systematic in situ swelling investigation, as well as biofunctionalization of
thin films composed of polymer brushes was presented in this thesis work. The presented
physico-chemical analysis was mainly focused on physiological conditions (i.e. pH 7.4,
10mM ionic strength), since the biofunctionalized brush layers will be further applied on
cell culture studies or other bioscientific applications. Therefore, swelling of the polymer
brushes in PBS buffer was mainly considered. Protein adsorption studies were performed
for poly(N-isopropylacrylamide); PNIPAAm and poly(acrylic acid); PAA homo- and bi-
nary polymer brushes. Further, the brush surface was biofunctionalized with covalently
bound cell adhesion peptides containing the Arg-Gly-Asp amino acid sequence. Last,
growth factor molecules were incorporated into the polymer brushes, and the cell response
after cultivation on the biofunctionalized surfaces was studied.
Qualitative and quantitative in situ analysis of the swollen and biofuntionalized polymer
brush layers was performed with comprehensive microscopic and spectroscopic techniques
with a main focus on ellipsometry. The quantitative ellipsometric data analysis was based
on a modified de Fejter approach which combines the models of secondary and ternary
biomolecule adsorption at and in the swollen brushes. The particular model was compared
to the previously introduced (by Bittrich et. al) modeling approximation for the adsorp-
tion of fibrinogen protein on poly(acrylic acid) brushes and was found to be in absolute
agreement.220 Moreover, complementary HPLC (High Performance Liquid Chromatog-
raphy) analysis of the immobilized peptide amount verified the applied optical model
impressively.
The development of a sophisticated nanostructured surface coating, that would retain
its overall hydrophilicity, and under certain conditions, would enable stimuli responsive
adsorption of water soluble protein molecules, is of great applied biotechnological interest
and thus, was here considered. The stimulus fibrinogen adsorption was investigated and
its magnitude was regulated by surface changes at the nanoscale. Therefore, hydrophobic
interactions were adjusted by the exposure of an additional sub-nanometer sized hydropho-
bic terminal group (C12; Dodecyl trithiolcarbonate) on the PNIPAAm brush layer. Pri-
marily, pH and salt dependent fibrinogen adsorption on poly(acrylic acid) homo-brushes
as well as temperature responsive fibrinogen adsorption on poly(N-isopropylacrylamide)
homo-brushes was investigated. PNIPAAm brushes were found to be fibrinogen repel-
lent at 25 ◦C. At temperatures above LCST, fibrinogen adsorption showed dependence
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on the presence of the hydrophobic C12 segment, which was found to increase adsorp-
tion due to increased hydrophobic interactions. Binary PNIPAAm-PAA brushes showed
a complex behavior at which the ratio of both components was crucial for protein ad-
sorption. Temperature responsive ’on-off’ fibrinogen adsorption was achieved on binary
brushes with 80:20 PNIPAAm-PAA polymer ratio. At this polymer ratio, the presence
of the hydrophobic C12 segment considerably increased the stimuli responsive- fibrinogen
adsorption.
A bioengineering approach for the development of surface coatings that are able to mimic
the natural adhesive extracellular environment was here presented. Specific ECM adhesion
peptides with high affinity to cell transmembrane adhesion receptors, were incorporated
into polymer brushes. In particular, the optimization of carbodiimide mediated- RGDs
(i.e. Arg-Gly-Asp containing peptide) immobilization on the activated PAA brush was
initially presented. Binary brushes functionalized with cell-signaling molecules, can lead to
intelligent stimuli-responsive bio-nanosurfaces, able to regulate cell adhesion and function.
In that respect, RGD- containing, cell adhesive peptides were covalently bound to the
PAA component of the thermoresponsive PNIPAAm-PAA binary brushes. Temperature
sensitivity was found to strongly depend on the polymer composition in the brush layer.
Thermal response was partially preserved for the 80:20 PNIPAAm-PAA; RGD-modified
brush ratio. The presented developed bioengineered surface coating was proved to be
promising for further temperature controlled tissue culture applications, since the retained
temperature sensitivity together with a sufficient peptide surface density are expected to
affect cell adhesion, favorably in a stimuli responsive manner.
In a collaboratory project together with the University of California Davis, growth factor
molecules were incorporated into the PAA and PNIPAAm-PAA brush systems. Both phys-
ical adsorption and a covalent coupling method were used to immobilize growth factors on
polymer brushes. The investigations were focused on the method of growth factor incor-
poration and subsequent delivery to the polymer brush-mammalian cell interface. Mouse
embryonic stem cells and the human hepatocellular carcinoma cell line were cultivated on
biofunctionalized brush surfaces. Cellular responses were compared with respect to the
method of growth factor incorporation into the brush (i.e. physical or chemical growth
factor incorporation). Mouse embryonic stem cells were best differentiated into endo-
derm cells, when cultured on brushes containing covalently immobilized basic fibroblast
growth factors. Similarly, the inhibition of the tumor outgrowth on the biomodified poly-
mer brushes was best achieved on poly(acrylic) acid brushes with covalently immobilized
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hepatic growth factor. The particular bioengineered brush surfaces were able to expose
growth factor stimulatory ligands, and trigger temporal effects on stem cell differentiation
and hepatic tumor inhibition. It was hereinafter proven, that biofunctionalized polymer
brushes represent an active cell culture substratum, promising for further biotechnological
and biomedical developmental applications.
12.5. Outlook
During this thesis investigations of biomodification of grafted-to PNIPAAm and PAA
homo- and binary polymer brushes were performed. Yet, the perspectives for future
possibilities or desirable further developments of the topic are here to be presented.
Going one step further on protein adsorption studies, conditions that are closer to the
real biological events have to be considered. Thus, the brush surface might be incubated
with human serum containing physiological amounts of proteins. Human serum provides
an environment comparable to cell culture , that particularly comes into play when working
with immune cells (i.e. lymphocytes and macrophages). Focus on the protein affinity and
sequential adsorption can be here discussed. In particular, the main proteins contained
in serum are: human albumin, α2-macroglobulin, complement factor 3b, fibronectin, IgG,
thrombospondin, vitronectin, and von Willebrand factor. These biomolecules are ex-
pected to show different affinities on the brush surface depending on their size, quaternary
structure and charge in physiological environment. In order to investigate subsequent
adsorption events, radiolabeling studies, together with VIS-SE coupled to quartz crystal
microbalance could be here used and help discriminate between individual protein events.
In order to conclude the analysis of cell adhesive, RGDs- biomodified polymer brushes
further cell culture studies have to be performed. In particular, the investigations should
focus on effect of RGDs peptide type, surface presented concentration and spatial arrange-
ment of the peptide. Also, the depth profile of RGDs arrangement on the polymer brush
chains could play a crucial role on cell fate. An optimum RGD surface presentation will
lead to best intracellular focal point adhesion and subsequent cell signal transaction. Flu-
orescent label studies of proteins that synergistically form the focal adhesion points can be
here presented (e.g staining of integrins and/or actin filaments). Cell analysis concerning
adhesion, proliferation, migration could be subsequently investigated. Besides, RGD mod-
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ified surfaces are expected to positively effect the healthy metabolism and survival of cells.
In that respect, besides the live-dead staining assay, real time PCR studies might be per-
formed to analyze the regular gene expression levels of the investigated cells. Last, thermal
stimuli should be applied in case of RGDs-modified PNIPAAm-PAA binary brushes, with
80 % of PNIPAAm presented in the layer. Once the cultured cell sheet reaches confluence,
at 37 ◦C, cell sheet detachment is to be expected upon temperature change to 25 ◦C.
The importance of such an event is emphasized on the controlled, trypsin free cell-sheet
detachment. In particular, thermal stimuli detachment of cells is advantageous because
the cell surface proteins, and cell membrane as a whole remain intact, since enzymatic
protein-synapse cleavage is avoided.
Further development on cell adhesive, polymer brush surfaces for cancer diagnostics
and treatment can be realized. The combination of RGDs peptides with growth factors or
pharmaceutical agents could serve this purpose. In that content, RGDs peptides will help
targeting tumor among healthy cells, whereas inhibitory molecules will help preventing
tumor outgrowth. As discussed in this thesis, the covalently attached hepatocyte growth
factor essentially helped on hepatic tumor inhibition in vitro. In that respect, a continuity
in brush biomodification research should aim on the combined RGD and growth factor
incorporation into the polymer brush. In future, surface modification of nanoparticles
coated with biofunctional polymer brushes can open new horizons in cancer diagnostics
and therapeutics in vivo.
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A. Appendix I
A.1. Comparison of PAA 25 kDa to PAA 26.5 kDa Guiselin
brushes
A.1.1. Objectives
In the context of this thesis, Guiselin PAA brushes having two closely related molecular
weights, were in focus: the MN of 25000 g/mol (PAA 25 kDa) and the 26500 g/mol (PAA
26.5 kDa). The provided PAA polymers were prepared by PtBA hydrolysis in solution
(Polymer Source R© ). The Guiselin brushes made in our lab, showed a noticeable difference
in their swelling ratio, pH response and contact angle values. In order to elucidate these
differences, series of detailed analytic experiments were performed and the results are here
discussed. In the first part ATR-FTIR and NMR analysis of the polymers is presented. In
the second part, the optimization of the experimental ’grafting to’ procedure, as well as
the brush physicochemical characteristics, and the salt and pH dependent swelling were
analyzed and are accordingly presented.
A.1.2. ATR-FTIR and NMR analysis of the provided polymers
ATR-FTIR analysis was performed by Dr. M. Malanin in the Analytics department of
IPF Leibniz. A Vertex 80v (Bruker) FTIR-Spectrometer was used for the analysis. In
the spectrometer, a ’Golden Gate ATR-unit’ (SPECAC) was applied, (the ATR crystal
is diamond). The spectral range was set from 4000 to 600 cm−1. The resolution was 4
cm−1 and 100 scans were co-added to every measurement. For proper spectral comparison,
normalization to carbonyl vibration of carboxylic group at 1698 cm−1 was applied (internal
reference approach)
As shown in figure A.1 both polymers show comparable spectra in the frequency region
from 4000 cm−1 to 600 cm−1. Only small differences were observed and will be discussed
below. The following assignments were made for the ATR-FTIR bands of the dry PAA
polymers: The broad band from 3500 to 2750 represents the OH stretching vibration (part
of acids and water), with 3421 cm−1 band showing the hydrogen bonded groups.336 The
CH3 group is expressed as asymmetric, stretching vibration at 3027 cm
−1. The band
at 2928 cm−1 is attributed to the stretching vibration of the CH2.336 The high intensity
band at 1698 appears due to stretching vibration of the C=O group (part of the carboxylic
group), whereas, the shoulder at 1621 cm−1 attributed to the symmetric vibrations of the
C-O group.336 At 1447 cm−1 the bending vibration of the CH2 group appears The band at
1413 cm−1 represent the asymmetric stretching vibration of COO−.336 The spectral bands
at 1162 cm−1 and 1235 cm−1 are attributed to the symmetric and asymmetric vibrations
of the C-O group (part of the carboxylic group), respectively.336 Here, small differences
are noted between the two PAA bands with the ratio of asymmetric to symmetric vibration
being smaller for the PAA 26.5 kDa.
The presence of more methyl groups in the case of PAA 25 kDa might be a result of
potential impurities after polymerization and hydrolysis procedure, (fig. A.1). Here, there
is a low possibility of define result evaluation since the methyl band overlaps with water
bands at 3027 cm−1. The characteristic peaks of tertbutyl group, which exist in PtBA,
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Figure A.1.: ATR-FTIR spectra of dry PAA polymer. Comparison of PAA 25 kDa which
was mainly used in this thesis, to the PAA 26.5 kDa which was the previously
provided polymer.
are at 2979 cm−1 νas(CH3) and 1393/1368 cm−1 δs(CH3).336 Even after hydrolysis, there
are small traces of the νas(CH3) vibration band, seen as a small shoulder at 2979 cm
−1.
Nevertheless, there is no difference to observe between PAA 25 kDa and 26.5 kDa. Taken
together, the two polymers show small differences in their spectral outcomes, which may
be attributed to possible sample impurities in case of PAA 25 kDa.
Nuclear magnetic resonance spectroscopy was performed by Dr.H. Komber in the Ana-
lytics department of IPF Leibniz. In order to obtain information of the chemical molecular
structure of the two PAA polymers with closely related molecular weights 1H NMR spec-
troscopy was assessed, and the spectra are shown in figure A.2.
The experimental procedure used for the NMR analysis is reported elsewhere.337 Briefly,
NMR spectra were recorded on a Bruker Avance III 500 NMR spectrometer operating at
500.13 MHz for 1H and at 125.75 MHz for 13C using a 5 mm quad (1H, 13C, 19F, 31P)
inverse probe, equipped with a shielded z-gradient coil. The solvent signals were used as
internal standard: DMSO-d6: δ(1H) = 2.50 ppm, δ(13C) = 39.6 ppm.
Figure A.2 shows the 1H NMR spectra of PAA 26.5 kDa (a) and PAA 25 kDa (b) in
DMSO-d6. The spectrum of PAA 26.5 kDa is in accordance with the
1H NMR spectrum
of atactic PAA.338 The characteristic signals appear at 2.21 ppm for the CH group and in
the 1.9 1.2 ppm region for the CH2 group. The signal splitting is caused by the tacticity
of the polymer backbone. Finally, the COOH signal is observed at 12.2 ppm. As impurity,
the polymer contains dioxane which results in a singlet at 3.57 ppm.
The spectrum of sample PAA 25 kDa is more complex. In addition to the aforementioned
signals of atactic PAA, further signals and signal shoulders (numerated from i) to v) in
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light blue) indicate impurities in this sample. Besides solvent signals (dioxane, methanol)
broadened signals at 4.01, 3.65, 2.33 and 2.12 ppm point to imperfections in the polymer
structure. Due to the limited amount of substance available for NMR analysis, a 13C NMR
spectrum of this sample could not be recorded. Combination of 1H and 13C NMR data
could assist in signal assignment. Nevertheless, the signal at 4.01 ppm points to formation
of alkyl ester groups which would result also in additional signals for the neighboring
methine proton (2.12 or 2.33 ppm).
Figure A.2.: 1H NMR spectra of PAA polymer in DMSO-d solution. The differences be-
tween PAA 26.5 kDa and PAA 25.0 kDa were attributed to impurities (’R’) of
the second polymer and are marked here with light blue (peaks are numbered
from i to v).
Optimization of grafting procedure The particularity of the PAA Guiselin brushes is
the grafting of more than one anchoring points to the surface. Thereafter, an optimization
of the grafting procedure with respect to the annealing temperature should be performed,
in order to meet the optimal criteria for both covalent binding of the brush to the surface
and maximum brush swelling performance in PBS buffer (pH 7.4).
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Figure A.3.: Swelling ratio and corresponding refractive indices (at 631.5 nm) of PAA 25
kDa and 26.5 kDa in PBS buffer with respect to the annealing temperature.
Figure A.3 shows the comparison of the swelling ratio (swelling thickness / dry thickness)
for the brushes composed of the two closely related PAA materals (MN 25 kDa and 26.5
kDa). Both polymer brushes show an optimal swelling performance close to 80 ◦C, with
swelling ratio of 12.25 for the PAA 25 kDa, and 5.26 for the PAA 26.5 kDa. Far below this
temperature not enough COOH groups were grafted on the surface. At this region, both
the dry brush thickness as well as the swelling ratio were found to be insufficient. Close to
Tg temperature of both PAA polymers, see table A.1.2, the swelling ratio was again found
to significantly decrease for both PAA brushes. In this region, more COOH-groups react
with the epoxy groups of the PGMA layer. The increased formation of grafting points
suppresses the swelling efficiency of the brushes due to the multiple anchoring points.
Thus, the annealing temperature for the ’grafting to’ of Guiselin brushes was chosen to
be 80 ◦C, in the course of this thesis.
The two brushes show significant differences on swelling performance in PBS. According
to figure A.3, the PAA 25 kDa brush shows more than two folds increase of swelling in
aqueous solution compared to the one of PAA 26.5 kDa. These two brushes are made of
PAA polymer with closely related molecular weights, but show a very big difference in
swelling ratio. This is attributed to the few impurities recorded by NMR spectroscopy
for the PAA 25 kDa solution in DMSO figure A.2b. As it will be discussed in the next
paragraphs, these impurities not only affected the swelling ratio of the PAA brush, but
also increased the pH responsive swelling, advancing contact angle value measured in a
pH range, and the salt sensitive swelling at constant pH 7.4.
ATR-FTIR and Zeta potential A detailed surface analysis of the Guiselin brushes was
performed by ATR-FTIR and Zeta potential measurements of the brush modified surfaces
in order to elucidate any potential differences of the two brushes, and the results are shown
in figure A.4.
Figure A.4a shows the ATR spectrum for grafted PAA on the ATR Si crystal, in the
frequency region from 1900 cm−1 to 1350 cm−1 which was obtained in the dry brush state.
The bands at 1725 cm−1 for the PAA 26.5 kDa brush and 1731 cm−1 for the PAA 25 kDa
brush are due to carboxylic C-O stretching vibration.339 The integrals of the corboxylic
bands were estimated by graphic evaluation software (OPUS 7.0) and the PAA 26.5 kDa
was found to have 29% less C-O intensity (I25kDa = 1728 vs I26.5kDa = 1226). The two
polymer brushes show differences between the types of the hydrogen bonding present on
each polymer structure. Next to the band of COOH for the PAA 25 kDa, a shoulder can be
observed, at 1700 cm−1. This appearance denotes two discreet types of hydrogen bonds
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related to the COOH groups. One of them, shows a strong molecular attachment and
appears as a shoulder, and the other denotes a loosely hydrogen binding and appears as
the main sharp band at 1731 cm−1. In the contrary, PAA 26.5 kDa shows only one broader
band. This indicates one average binding potential for all hydrogen bonds of the 26.5 kDa
brush. In addition, the band at 1550 cm−1 is attributed to the COO− vibration, which
shows higher intensity for the 26.5 kDa PAA brush. Despite the fact that the measurement
was performed in the dry state, some potential humidity in the ATR chamber, might led
to partial dissociation of carboxylic acid groups. The band with peak location at 1455
cm −1, that appears on the ATR spectra of both brushes, represents the C-O-H bending
vibrations of the grafted PAA material339 and shows the same absorbance intention for
both brushes.
Figure A.4.: ATR-FTIR and Zeta potential comparison of Guiselin brushes (a) ATR spec-
tra of Guiseling brushes made out of PAA 25 kDa grafted material (blue) and
PAA 26.5 kDa polymer material (cyan). Spectra were shifted vertically for
direct intensity comparison. (b) Streaming potential analysis with respect to
the pH changes for Guiselin brushes of 25 kDa (blue) and 26.5 kDa (cyan)
material.
Figure A.4b shows electrokinetic investigation of the two PAA Guiselin brushes on the
surface of Si wafers in 0.001 mol/L KCL aqueous solution. Both brushes show the same
electrokinetic response to pH changes of the solution. Isoelectric point (pHIEP ) of ∼3.2
and ∼3.4 were determined for the PAA 25 kDa and PAA 26.5 kDa brush respectively,
which is in agreement with previous investigation in the literature for PAA polyelectrolyte
brushes22,340 and almost a unit higher than the isoelectric point of the PAA in solution
(pHIEP = 2.1). Any further shift of pH to higher values results in gradual negative
increase of surface charge in the wide range of pH. At pH 7 all dissociable COOH groups
are deprotonated and the zeta potential remains constant and highly negative for any
further pH increase up to pH 10 for both brushes. VIS-SE analysis on pH-depended brush
swelling will further demonstrate how the change of surface charge is accompanied by
changes on the swollen brush thickness.
A.1.2.1. Salt and pH effect on the swelling behavior
It is of great importance to understand the formation of polyelectrolyte (PE ) thin films,
their stability and response towards environmental changes. The behavior of PE brushes
is quite complex and depends on various thermodynamic and electrostatic parameters.
As referred previously (section 2.4.1) some important parameters that strongly effect the
performance of PE brushes are: the degree of dissociation f, the counter ion valency q,
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the external salt concentration ρs, and in the case of weak (’annealed’) PE also the pH of
the solution. PAA is a weak polyelectrolyte and therefore a pH responsive material. The
properties of PAA brush depend strongly on the degree of dissociation of the backbone
charges. As mentioned above the isoelectric point (IEP), i.e. the pH value were the
polymer chains are neutral, is at around pH 3.2. Above this value, the COOH groups
get gradually deprotonated and the brush becomes accumulative negatively charged. By
altering the pH, surface wettability changes as a result of conformational change of the
outermost brush layer.
Carrying out a systematic study of the inetrfacial properties of PAA as a function
of ionic strength (IS ) and pH, we focused on spectroscopic ellipsometry measurements
(VIS-SE) of swollen PAA Guiselin brush layers composed out of the two closely related
molecular weight PAA polymer materials ( MN of 25 kDa and 26.5 kDa). For the analysis
of the brush swelling behavior, a three layer Cauchy model allow for the simultaneous
determination of thickness and refractive index of each discrete molecular layer.
Figure A.5.: pH dependent sensitive swelling for PAA Guiselin brushes. (a) Changes of
brush layer thickness with respect to increased pH value. (b) Corresponding
refractive index changes at the representative λ = 631.5 nm wave length
Figure A.5 shows the change of the swollen brush layer thickness upon pH increase.
The experiment has been performed in situ, in a ellipsometry quartz cuvette . Swelling
of the brush modified Si wafers was performed starting at low pH and exchanging the
buffer solution in the cuvette with solution of higher pH. The ionic strength of each buffer
(concentration of Na+) was kept constant at 0.01 M. At low pH, very close to the IEP
of the PAA brush (pHIEP ∼ 3.2), the surface is neutral and the polymeric chains show
minimum expansion in aqueous solution. At this point both brushes show almost the
same swollen thickness close to 23 ± 1.0 nm. Upon pH increase the swollen thickness of
both brushes increases, whereas the refractive index decreases analogously. Yet, the PAA
26.5 kDa shows a less sensitive response to pH increase, that presupposes a Guiselin brush
with more anchoring points (-COOH-groups) to the substrate. Still, both systems show
increasing dissociation of carboxyl -COOH- groups to negatively deprotonated carbonyl
-COO− groups. This leads to a molecular rearrangement due to increasing electrostatic
repulsive forces inside the brush layer and subsequent increase of the swollen brush thick-
ness. Note that the presented results are in agreement to previous published theoretical as
well as experimental investigations.220,341 At pH 7 the thickness of both brushes reaches
its maximum value, with a very small decrease for higher pH values.
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A.1.2.2. pH sensitive surface tension
In figure A.6 the advancing contact angle with respect to pH changes is shown. As ex-
pected, the surface exhibits higher ’hydrophobicity’ at lower pH values, where COOH
groups are protonated. Wettability differences between the different states, are enhanced
in case of PAA 25 kDa, where the advancing contact angle is found to be more hydropho-
bic, θadv = 77
◦C, and much lower at pH 3, θadv = 29 ◦C. In the contrary, the brush
composed of the PAA 26.5 kDa material shows a much smaller decrease in contact angle,
starting from 23 ◦C, at pH 3 to the very hydrophylic value of θadv = 13 ◦C, at pH 8. Here,
it could be proved that PAA 25 kDa brush has a superior response to external pH stimuli
compared to PAA 26.5 kDa.
Figure A.6.: Advancing contact angle with respect to pH changes. The brush surface ten-
sion responds to environmental pH changes due to deprotonation of COOH-
groups.
This big differences in the surface tension of the two polymer brushes can be attributed
to the presence of impurities on the surface. Comparing with previously reported results
in the literature, an analogous to the PAA 25 kDa behavior was testified for mixed PAA-
P2VP PE brushes which were proved to be either strongly hydrophilic or somewhat more
hydrophobic depending on pH and composition.342 This strongly pH responsive character
for the P2VP-PAA 80:20 brush was very close to the present system, with respect to
reported contact angle values.
A.1.2.3. Salt effect
The effect of solution ionic strength on the swelling performance of the Guiselin brushes
was investigated by spectroscopic ellipsometry. The changes in thickness (d) and refractive
index (n) upon increase of NaCl concentration are shown in figure A.7. The pH of the
solution was kept constant at pH 7.4, as reference to the PBS buffer which resembles the
physiological conditions. Moreover, pH 7.4 is far beyond the IEP of the brush, and as
shown above, all COOH groups are expected to be dissociated. Since only a particular
ratio of mono-basic and di-basic natrium phosphate was used to adjust the phosphate
buffer solution, the salt concentration [NaCl] is equal to the solutions’ ionic strength.
Our results are in accordance to theoretical predictions343 that denote that the behavior
of weak PE brushes in relation to the ionic strength of the solution is divided into two
regimes: the osmotic brush (OB) and the salted brush (SB) regime. In this respect, the
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Figure A.7.: Salt effect on PAA Guiselin brush swelling. (a) Comparison of swelling thick-
ness of the two PAA brushes for increasing salt concentration. (b) Correlative
refractive index changes at 631.5 nm wavelength. PAA brush made of 25 kDa
molecular weight PAA in blue and PAA brush made of 26.5 kDa molecular
weight PAA material in cyan
data in figure A.7 show that the swollen brush thickness depends on ionic strength in a
nonmonotonic fashion. Specifically, as ionic strength increases d increases until it reaches a
maximum at a certain value and then starts to decrease. Tao Wu et al, discussed about the
characteristic ionic strength value, where the transition of the OB to the SB regimes occurs
(Saltmax). A relationship to the grafting density of the brush was accordingly assigned. As
we can see in figure A.7 the two PAA Guiselin brushes follow similar behavior upon ionic
strength increase, with the range of the swelling thickness being different. The maximum
thickness for the PAA 26.5 kDa is at 32.5 nm and the difference of the salted brush
thickness to the neutral brush thickness is 13.5 nm, whereas the maximum thickness for
the PAA 25 kDa is 73,5 nm and the difference to the minimum obtained thickness after
electrochemical charge screening is 18 nm.
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B.1. pH responsive swelling of binary PNIPAAm-PAA polymer
brushes
Figure B.1 shows the pH sensitive swelling of PAA, and PNIPAAm-PAA brushes, as well
as the independent on pH variations PNIPAAm swelling. The current brushes are grafted
out of PNIPAAm (42 kDa) and PAA (25 kDa) that were the polymers mainly used in this
thesis As discuss previously, in figure A.5, the PAA Guiselin brushes show a high increase
in swollen brush thickness upon increase of the pH. This phenomenon, occurs due to the
increase of the degree of the deprotonation of COOH groups of PAA monomer units. As
it could be show, at around pH 6 most of the COOH groups of PAA are deprotonated,
resulting in a plateau in the swollen layer thickness and refractive index, as indicated by
in situ ellipsometric measurements.
Figure B.1.: Swollen homopolymer and binary polymer brush (a) thickness and (b) refrac-
tive index at λ = 631.5nm, in dependence to pH changes. The brushes were
grafted to by PNIPAAm polymer w/o C12.
As expected, for all mixed binary brush ratios, an increased pH sensitivity with increased
PAA content, was monitored. Noticeably, even the brush with 80% PNIPAAm content,
does not resemble the pH independent PNIPAAm brush behavior; which denotes that
the brush layers are following a coupled inter-polymer chain movement which possibly
relates to hydrogen bonding between the binary brush components. When the pH 6 value
is reached, deprotonated COO− groups do not interact via hydrogen bonding to amide
groups of PNIPAAm any longer, and thus a plateau is to be observed for all mixed brushes.
An observation of the refractive index for the mixed brushes, indicated the difference of
the high PAA content (20:80) to low PAA content PAA (80:20) polymer brush. The brush
having 20:80 ratio, resembles the PAA pH sensitive swelling. In contrary, the 80:20, as
well as the 50:50 ratio mixed brush, shows a sigmoidal change of the refractive index
(and correlated swelling thickness) with constant values at low pH and a big drop at pH
6 were presumably hydrogen bonding is no longer governs the inter-chain interactions,
due to full COOH deprotonation. The coupled pH dependent swelling of the analogous
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PNIPAAm(42 kDa)-PAA(26.5 kDa) has been extensively investigated by Bittrich et al.
where an AFM observation of height images revealed that a significant PAA fraction is
present at the interface at low pH values with an increasing domain size for increasing
PNIPAAm content.6 Additionally, is was assumed that for high pH and low PAA content
no PNIPAA-PAA lateral domains can be observed at the outermost surface, and thus it
was claimed that only PNIPAAm is present at the polymer -air interface.
B.2. Theoretical approximation: Immobilized biomolecules per
PAA chain
In the following section, the attempt to get an idea about covalently bound amount per
PAA polymer chain is discussed. The listed results are based on the assumption that all
biomolecules are bound through one NH2 group to one COOH group along an individual
polymer chain. For that the number of polymer chains per sample was calculated, since
the sample area was fixed by the immobilization chamber dimensions. The grafting density
of the PAA 25kDa brush was 0,28 nm−2, and the immobilization rubber ring was 11 mm
in diameter. Accordingly, the number of polymer chains per sample was found to be
2,66093E+13 chains. Moreover, according to calculation presented in section 8.2.2, the
number of monomers per PAA chain are Nfree = 328 (table 8.4). Based on these values,
the number of biomolecules covalently immobilized per PAA chain can be theoretically
approximated. The according calculations are analytically listed in table B.1.
Table B.1.: Immobilized biomolecules per PAA chain
Biomolecule GRGDS GRGDSPK cRGDyK bFGF HGF
Biom. Mn [g/mol] 490,4722 715,76 619,68 18000 80000
Immobil. amount [µg] 2,457 2,118 2,525 0,2 0,23
Moles = amount/Mn 5,0094E-09 2,9591E-09 4,0746E-09 1,1111E-11 2,875E-12
Molecules = moles*NA 3,017E+15 1,782E+15 2,459E+15 6,691E+12 1,731E+12
Molecules/PAA chain 113,37 66,9678 92,21496 0,251458 0,065065
COOH reamained unreacted 214,63 261,0322 235,785 327,7485 327,9349
where, biomolecular Mn (g/mol) was provided upon purchase by data sheet and NA
is the Avocadros’ constant. Listed immobilized amount refers to the greatest possible
immobilization, for maximum initial loading concentration. The immobilized amounts
are experimentally calculated values estimated by HPLC for the RGDs and by ELISA
for the growth factor molecules. Here, note that the initially incorporated amounts for
growth factors were 10−3 fold smaller than that of RGDs molecules, due to cyto-toxicity
of growth factor presentation in high amounts. Therefore the GFs’ immobilization values
are far below saturation.
The maximum immobilized amount of RGDs per polymer chain was about ∼113, which
represents the 1/3 rd of the available COOH groups per chain. Unfortunately, the theoret-
ical values were not verified by experimental analysis. Further investigation on remaining
free COOH group quantification might be performed by additionaly titration analysis or
colorimetric assays. Therefore the listed values are only a rough estimation and do not
represent the reality.
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B.3. Dynamic changes of polymer brush characteristics with
temperature
Figure B.2.: Effect of PNIPAAms MN and chemical nature on LCST transition of polymer
brushes. The swelling behavior of PNIPAAm; (a) without the C12 termi-
nal group: bulk triangles represent the thickness change ’d’ whereas, hollow
squares represent correlated changes of the refractive index change ’n’ at λ =
631.5 nm of the temperature responsive layers. Brushes grafted out of PNI-
PAAm w/o C12 having three different molecular weights; grey MN = 42000
g/mol, blue MN = 94000 g/mol, cyan MN = 104000 g/mol. (b) Swelling
behavior of PNIPAAm with C12 terminal group; dark purple MN = 178000
g/mol, dark grey MN = 135000 g/mol, light pink MN = 105000 g/mol.
Figure B.3.: Temperature dependent advancing contact angle of PNIPAAm brushes; effect
of polymers’ MN and chemical structure.(a)Advancing contact angle plot-
ted against temperature increase for PNIPAAm brush without C12 terminal
group; grey MN = 42000 g/mol, blue MN = 94000 g/mol, cyan MN = 104000
g/mol and (b) PNIPAAm with C12 terminal group; dark purple MN = 178000
g/mol, dark grey MN = 135000 g/mol, light pink MN = 105000 g/mol.
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B.4. Incorporation of RGDs peptides on polymer brushes
Figure B.4.: In-situ ATR-FTIR analysis of RGDs chemisorption on homo PAA and bi-
nary PNIPAAm-PAA brushes. (a) GRGDS chamisorption on PAA, PN-PAA
20:80 and PN-PAA 80:20, (b) GRGDSPK and (c) cRGDyK chemisorption
respectively. The experiment was performed in five discrete steps. Step 1
(green): Swelling of the brush in MES buffer, Step 2 (orange): EDC/NHS
activation, Step 3 (blue) RGDs conjugation, Step 4 (red) Washing with PBS,
and Step 5 (cyan) Rinsing with Acetate pH 4.0.
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AFM Atomic force microscopy
ATR-FTIR Attenuated total reflection Fourier-transform infrared spectroscopy
ATRP Atom transfer radical polymerization
BSA Bovine serum albumin
bFGF Basic fibroblast growth factor
C12 Dodecyl trithiolcarbonate
EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
ELISA Enzyme-linked immunosorbent assay
EMA Effective medium approximation
FGN Fibrinogen
HepG2 Human hepatocellular carcinoma cells
HGF Hepatocyte growth factor/scatter factor
HPLC High-performance liquid chromatography
HSA Human serum albumin
IEP or pI Isoelectric point
LCST Low critical solution temperature
MES 2-(N-morpholino)ethanesulfonic acid
mESC Mouse embryonic stem cells
MSE Mean square error
NHS N-hydroxysuccinimide
NHS N-hydroxysuccinimide
PAA Poly(acrylic acid)
PBS Phosphate buffer saline
PCR Polymerase chain reaction
PNIPAAm Poly(N-isopropylacrylamide)
RMS, Rq Root mean square
RAFT Reversible addition-fragmentation chain transfer
RGDs Arginine-glysine-aspartic acid containing peptide
GRGDS Glysine-arginine-glysine-aspartic acid-serine
GRGDSPK Glysine-arginine-glysine-aspartic acid-serine-proline-lysine
cRGDyK Cyclic -arginine-glysine-aspartic acid-tyrosine-lysine
Vis-SE Visible- spectroscopic ellipsometry
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